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Section A .— Mathematical and Physical Sciences. 

Address of the President , Sir Ernest Rutherford , at the 

Anniversary Meeting > November 30 , 11 ) 28 . 

During the past year the losses to our Society by death have been unusually 
heavy, including throe Foreign Members, thirteen Follows, and two Fellows 
elected under Statute 12, the Earl of Oxford and Asquith and Viscount 
Haldane. While the main work of J^ord Haldane lay in legal and administrative 
fields, he always had a deep interest in science and its philosophy, and gave 
much valuable help to the cause of University Education. 

The death of Prof. P. H. von Groth, Foreign Member of our Society, at 
the age of 84, removes a notable figure from the Science of Mineralogy. Dis¬ 
tinguished as investigator and writer and editor for 39 years of the ‘ Zeitschrift 
fiir Krystallographie und Mineralogie,’ he widely influenced the development 
of his science, and by his own researches and through his students made notable 
contributions to our knowledge. 

The death of Hknortk Antoon Lorentz, Foreign Member of the Royal 
Society and Nobel Laureate, has deprived physical science of one of the 
greatest figures of our time. He will be remembered mainly by his extension 
of Maxwell’s electromagnetic, theory. He introduced a new precision into this 
theory, and brought it into line with current experimental physics, by breaking 
up Maxwell’s electric charges into crowds of electrons. Especially noteworthy 
was his explanation of the newly-discovered Zeeman Effect, in terms of 
electronic motion inside the atom. Contemporaneously with Larmor, he 
examined and discussed the effects produced by the motion of an electric 
system through “ the ether.” This part of his work culminated in a proof that 
the effect of this motion could be exactly reproduced by a modification of the 
measures of time and space in the system. The equations which embody 
this result, universally known as “ Lorentz’s transformation,” ultimately 
formed the foundation stone of the Theory of Relativity. 

In Ins latter years, he naturally and by general consent took the leading 
place in every Continental congress of physicists. Those who have seen him 
von. cxxii.— a. 
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presiding over such functions can never forget his unfailing tact and courtesy, 
his geniality and kindness to all, his ready wit, his command both of language 
and languages, and the vast store of scientific knowledge which was ever 
held in reserve, to be brought into service when needed. 

At the request of the Society, I attended the funeral of Loren t a at Haarlem, 
which was national in scope and testified to the high place he held in the esteem 
of all sections of his countrymen. Eulogiums on the work and personality of 
Lorenlz were spoken at the graveside by Prof. Ehrenfest, Lange win, Einstein 
and myself. 

By the death of \\ . H. Dinks, at the age of 73, Meteorology has lost ari 
outstanding pioneer in the study of the upper atmosphere. By means of 
kites and balloons and measuring apparatus of entirely his own design, he 
was one of the first to make a systematic study of the meteorological 
state of the upper air. For 20 years Director of Experiments in the Upper 
Air for the Meteorological Office, he rendered great services to the Science he 
loved. 

Sir Aubrey Strahan, who died on March 4th, was till 1920 Director of the 
Geological Survey of Great Britain and a leading authority on the strati' 
graphical Geology of this country, and especially on that of the coalfields. 
He had been President of the Geological Society of London, and a member 
of the Royal Commission on Coal Supplies. Elected to our Fellowship in 
1903, he gave valued service on the Council and Committees of the Society, 
acting in the last months of his life as Chairman of a Committee appointed 
to draft a report on Museums and Public Galleries. 

In Sir David Furrier, who has died in his 87th year, wc have lost a pioneer 
investigator of the physiology of the brain, whose work laid the experimental 
foundation of all modern knowledge of the localised functions of the cerebral 
cortex, and thereby opened a new epoch in the medical diagnosis of disease 
or injury of the brain, and in their relief by surgical operation, Ferrier was 
one of the founders of the Physiological and of the Neurological Society, and 
one of the small group who, in 1878, started the Journal ‘ Brain/ to deal with 
neurology in its widest experimental and clinical aspects. For many years 
an honoured and successful physician, he preserved to an advanced age an 
enthusiastic interest in the advance of neurology by the experimental method. 
In 1905-1908 he was a Vice-President of the Society, of which he had been a 
Fellow for 52 years at the time of his death* 

Science has suffered a severe loss by the early death of Theodore W. 
Richards, Director of the Gibbs Memorial Laboratory, Harvard University, 
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Kobe! Laureate in Chemistry, Foreign Member of our Society and Davy 
Medallist. He early devoted himself to the accurate determination of the 
atomic weights of the elements and introduced many new methods leading to 
much increased precision in the measurement of these fundamental constants. 
The value of his work has been universally recognised, and his laboratory at 
Harvard attracted many research students from all parts of the world. He 
was much interested in the compressibility of atoms and molecules and made 
many accurate measurements in this field. A man of wide interests and 
sympathies, he had many friends in this country. 

Hans Friedrich Gadow, of German birth, but of British nationality 
since 1884, was for many years lecturer and reader in the advanced morphology 
of vertebrates in the University of Cambridge, His researches and writings 
on vertebrate anatomy, and especially on that of birds, reptiles, and amphibia, 
have had a great and stimulating influence on zoological thought. A naturalist 
as well as an anatomist, he sought every opportunity of seeing the forms which 
he studied under natural conditions, keeping many alive in his garden and 
wandering as far afield as the caves and mountains of Northern Spain and of 
Mexico. A man of robust and enthusiastic temperament he is held in grateful 
memory by many Cambridge men as a popular and influential teacher. 

John Horne, a former Assistant Director of the Geological Survey of 
Great Britain, was in charge of the Geological Survey of Scotland from 1901 
until 1911. In association with different colleagues he was responsible for 
important memoirs on the structure of the North-West Scottish Highlands 
and on the Silurian rocks of Scotland. At the time of liis death, at the age of 
80 years, he was still engaged in the completion of a work on the Geology of 
Scotland, begun in collaboration with the late B. N. Peach. 

Sir John Thornyorokt, who died in his 85th year, became a Fellow of the 
Society in 1893. A pupil at Glasgow of Kelvin and Rankine, he began the 
construction of small high-speed craft on the Thames almost simultaneously 
with Sit Alfred Yarrow. In 1877 he built for the Admiralty his first torpedo 
boat, followed in rapid succession by other craft, including, in 1907, the ocean¬ 
going destroyer “ The Tartar,” driven by Parsons turbines at 35*6 knots. 
In time hie yard was moved to Southampton, and from it during the War 
was launched a stream of destroyers and flotilla leaders. During his later 
years he devoted himself to some of the problems which troubled the builder 
of high-speed vessels, utilising for the purpose a small tank constructed in 
his grounds. 

Charms Chrke, after graduating in the University of Aberdeen, came to 
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Cambridge, and was 6th Wrangler in 1883, gaining a Fellowship in King’s 
College in 1885. In 1893 he was appointed Superintendent of the Kew 
Observatory, and filled this post with much distinction until his retirement 
in 1925. He published many original papers on subjects connected with 
terrestrial magnetism and atmospheric electricity and elasticity. Of inter¬ 
national reputation, the value of his work was recognised by the award to him 
of the Hughes Medal of the Society. 

Sir Horace Darwin, son of Charles Darwin, was educated as an engineer. 
He will long be remembered as the man who, by the application of engineering 
principles, transformed the industry of scientific instrument making in this 
country. Soon after Michael Foster went to Cambridge as teacher in physio¬ 
logy, Darwin began, in partnership with Dew Smith, to make instruments for 
the new laboratory. The work grew, and in time developed into the Cambridge 
Scientific Instrument Company, with Darwin as its chairman and inspiring 
genius. Many of the instruments were of his own design, and practically all bore 
the impress of his supervision. He was one of the first to apply the principles 
of geometrical design laid down by Kelvin and Maxwell. The changes in 
instrument making during the past fifty years have been far reaching. Darwin 
was a leader in this advance, a friend ever ready to help those who came to 
him for advice, 

Diabmix) Noel Paton, for 22 years Regius Professor of Physiology in the 
University of Glasgow, was an eminent and successful teacher and an enthu¬ 
siastic investigator of problems drawn from a wide range of his subject. He 
was among the earliest of British physiologists to investigate metabolic problems 
and in more recent years had devoted, with his pupils, many years of experi¬ 
mental study to the function of the parathyroid glands. In an age of increasing 
specialisation he remained conspicuous for the width of his knowledge and 
interest in physiology and in its practical application to sociology and medicine. 

G. H. Bryan was An applied mathematician of distinction. His early 
work lay in the fields of hydrodynamics, thermodynamics and the kinetic 
theory of gases. Later he turned his attention to the problem of aviation ; 
he was the first to investigate stability of flight by treating the moving aeroplane 
as a system undergoing small oscillations about a state of steady motion, 
thus laying the foundations of the theory of stability in aviation. t 

By the death of Sir Charles Tomes, in his 83rd year, the Society has lost 
from its Fellowship a great pioneer in dental anatomy. In his continuation 
of the work of his father, also one of our Fellows, he may be said to have founded 
the science of comparative dental histology. As a member and Treasurer 
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of the General Medical Council, he was largely responsible for raising the standard 
of scientific training for the practice of dental surgery. 

Sir Alexander Kennedy, who has recently passed from us, had’ been for 
over forty years a Fellow of our Society. In 1874 he became Professor of 
Engineering in University College, Gower Street, and established there the 
first Engineering Laboratory in this country, devising a method of education 
which has been followed widely both at home and abroad. He was one of the 
first to realise the need for placing structural engineering on a sound mechanical 
basis and was largely responsible for the introduction of testing machines. 
On resigning his professorship in 1889, he commenced practice as a consulting 
engineer and in that capacity designed electrical works for power and lighting 
in many parts of the Empire. He was a man of many interests and, of late 
years, by his photographic records of the ruins of Petra made known to the 
world some of the winders of the civilisation of which it was the centre. 

Sir Hugh Kerr Anderson, Master of Caius College, Cambridge, since 1912, 
and a Fellow of our Society since 1907, was a member of our Council at the 
time of his recent death, at the early age of 03. Returning to Cambridge in 
1891, on the completion of his medical course in London, he devoted himself 
during the ziext 14 years, with self-sacrificing zeal and conspicuous success, 
to research and teaching in his chosen subject of physiology. He was one of 
the investigators who were then unravelling the intricacies of the autonomic 
system and shaping the conceptions of its function now everywhere accepted. 
The series of classical papers in which he was associated with the late Prof. 
Langley, and his later and independent work on the complex reactions of the 
pupil of the eye, had shown him to the world of science as a coming master 
in his subject; while to every Cambridge man who in that period entered 
upon research or higher study in physiology, Anderson had been lavish in 
his gift of interest, encouragement and personal help. From 1905 onwards 
the recognition of his aptitude for business drew him, always diffident and 
reluctant, away from research into the wider affairs of his College and of his 
University. As a member of the Royal and Statutory Commissions, and in 
many other capacities, he did inestimable service to Cambridge, to science, 
and to education, and earned the honour and affection of a wide circle beyond 
his University and our Society. 

Turning to other matters, I shall say a few words on events of interest to 
our Society during the year. After the normal period of office, Sir Richard 
Glazebrook retires to-day from the position of Foreign Secretary, and I 
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am glad to take this opportunity to convey to him the gratitude of the 
Society for hia valuable services. In a difficult time, he has very efficiently 
represented our Society at the meetings of the International Research Council 
and has been indefatigable in his correspondence on international questions. 
We are fortunate to secure as his successor Sir Henry Lyons, who, in 
association with Sir Richard Glazebrook, has represented the Society at Inter¬ 
national meetings. His wide experience in this direction had led to his appoint?, 
ment as Secretary of the International Research Council in succession w 
Sir Arthur Schuster, who has recently retired from this important office. Since 
its foundation, he has been General Secretary of the Union for Geophysics, 

Before the meeting on June 21,1 had the pleasing task of accepting on behalf 
of the Society a portrait by Mr. R. G. Eves of our former President. Sir Charles 
Sherrington, which was presented by Sir John Rose Bradford on behalf of the 
subscribers. The Society is proud to possess this portrait, which is now hanging 
on our walls, and I think all will agree that it is an excellent likeness of my 
distinguished predecessor. It will serve as a permanent memento of one whose 
great and still continued services to Science and our Society we all gratefully 
recognise. 

I have already referred to the loss of that veteran investigator Sir 
David Febbier. His friends and admirers have collected a fund of £1,000 
which they have presented to the Society for the foundation of a Lecture 
in his memory. The Society has gratefully accepted this offer, so that in 
future on the biological side in addition to the well-known Croonian Lecture, 
there will also be a u David Perrier Lecture ” to be given at intervals and on 
subjects to be determined later. 

It will be remembered that in the year 1922 our Society made a new departure 
by instituting Royal Society Professorships. With the aid of the Fouierton 
Fund, bequeathed to the Society, and the munificent gift of Sir Alfred Yarrow, 
we have been able in the last few years to appoint five professors, two Fouierton 
Professors in the medical sciences and three Yarrow Professors in the physical 
sciences. The main object of our Society is the “ Improvement of Natural 
Knowledge ” by discovery, and the main line of discovery must depend upon 
research. The Society has endeavoured to attain this object in two ways, 
first through its Studentships or Fellowships, six in number, including the 
Sorby, Fouierton, Mackinnon, Moseley, Tyndall and Armourers’ and Brasiers\ 
awarded to younger men who have shown marked promise as investigators, 
and secondly, through its Professorships, which are awarded to those who have 
shown over a longer period an unusual original capacity for advancing know* 
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ledge by experiment. The holders of these Professorships are expected to 
devote their whole attention to research and are freed from all duties of routine 
teaching and administration. 

As the Royal Society has no laboratory of its own these Professorships may 
be held in any scientific institution which is in a position to offer suitable 
research facilities. A satisfactory feature of this scheme of administration 
lies in the fact that the Royal Society does not compete with existing institu¬ 
tions, but co-operates with and reinforces them. In all cases so far arrange¬ 
ments have been made for our Professors to continue their work in the same 
laboratories as before, arid we are grateful to the Universities and Institutions 
concerned for the cordial and generous way in which they have co-operated 
with the Royal Society for this purpose. 

The creation of Research Professorships by the Society was in the nature of 
an experiment, but I think all will agree that the experiment has proved an 
unqualified success. We have been fortunate in being able to attract some of 
our ablest and most original workers, who have devoted themselves to their 
investigations with zeal and enthusiasm, as evidenced by the high quality of 
their accomplished work. As it is now six years since the institution of the 
first professorship it has been thought desirable that I should give a brief 
review of some of the work carried out by our Professors. This is a difficult 
task in a limited time, but I hope I shall be forgiven for any shortcomings. 

Prof. A. Fowler, who was appointed Yarrow Professor on December 1, 1923, 
has continued his researches in the Astrophysics Laboratory of the Imperial 
College of Science and Technology. Everywhere recognised as one of the 
most skilful of our experimenters in spectroscopy, he has during his tenure of 
office contributed to our 4 Proceedings ’ a number of important papers, which 
have widely extended our knowledge of the modes of vibration of atoms under 
different conditions of excitation, when they have been deprived of one or more 
of their normal number of electrons. 

His attention has been directed mainly to the production and analysis of 
the spectra of some of the lighter elements at successive stages of ionisation, 
including carbon, nitrogen, oxygen and silicon. These spectra are not only 
of importance from the theoretical standpoint, but also in their application to 
the interpretation of the spectra of the hotter stars. He has obtained data of 
precision over a wide range of experimental conditions, and covering a range 
of spectrum from the extreme ultra-violet to the infra-red. The investigation 
of these spectra has presented considerable experimental difficulty, especially 
in connection with the elimination of impurities. The results obtained for 
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nitrogen and oxygen have already found an application of special interest, 
in the use which has been made of them by Bowen in his important interpreta¬ 
tion of previously unidentified lines in the spectra of gaseous nebulas. 

During the tenure of his professorship Prof. Fowler has also been charged 
with the direction of the work of a number of research students and assistants 
at the Imperial College, some of whom have published valuable papers on 
spectroscopic subjects, 

Prof. G. I. Taylor, who was appointed Yarrow Professor on December 1,1923, 
continued his investigations in the Cavendish Laboratory, Cambridge. Prof. 
Taylor possesses that unusual combination of power of detailed mathematical 
analysis coupled with an ability to design and carry out difficult experiments. 
He has been specially interested in studying the modes of deformation of single 
crystals when subjected to uniform strain. The ordinary engineering tests 
applied to a specimen of metal merely give the average stress over a large 
number of crystal grains. The discovery of methods of producing single 
crystals of metals has made it possible for the first time to know the direction 
and magnitude of the stress throughout the crystal. Prof. Taylor and his co¬ 
workers have now determined the relationship between stress, strain and crystal 
axes for aluminium, iron and some other metals, with most interesting and 
important results. This work has been extended by other investigators at 
home and abroad, and to include cases where the stress is alternating. 

I can only refer in passing to his continued interest in problems of hydro¬ 
dynamics, where he has made calculations leading to predictions concerning 
fluid motion and the behaviour of bodies immersed in fluids. These have been 
verified by simple experiments shown before our Society. Recently he has 
turned his attention to the effect of compressibility on the flow of air past 
bodies moving at high speeds. This problem is now acquiring great import¬ 
ance in aeronautics owing to the rapidly increasing speed of aircraft, but difli- 
culties of mathematical analysis have so far prevented more than very limited 
advances towards a dynamical theory. Prof. Taylor has now invented a 
machine, a kind of mechanical mathematician, by means of which problems of 
flow can be solved, which have so far defeated ordinary human mathematicians. 
He is now applying this machine to problems of practical importance in 
aeronautics. 

Prof. 0. W. Richardson, who was appointed third Yarrow Professor on 
August 1, 1924, continued to work in the laboratory of King’s College, London. 
L&e Ptof. G, I. Taylor, he is equally at home in the theoretical and experi¬ 
mental side of physics. His main work in the last few years has been connected 



Anniversary Address by Sir Ernest Rutherford . 9 

with the elucidation of the complicated spectrum of the hydrogen molecule. 
While the types of vibration of the hydrogen atom are comparatively 
simple and well understood, very little progress had been made in deciphering 
the spectrum of the molecule, which shows several thousand bands. The 
interpretation of this spectrum, which is obviously of great importance to the 
study of molecular structure, presents peculiar difficulties. These have been 
largely overcome, and Prof. Richardson lias taken a large part in this successful 
work. The results have been interpreted in terms of the wave-mechanics, 
and the values obtained for the moment of inertia of the molecule, its ionisation 
potential and heat of dissociation, fit in well with other observational data. 
The peculiar alternating intensity of the band spectra appears to show that the 
hydrogen nucleus has a moment of momentum, like the electron. 

In addition to a number of papers on this subject Prof, Richardson, in 
collaboration with his research students, lias continued his important in¬ 
vestigations in thermionics, ionisation potentials and X-rays ; nor must I omit 
mention of his excursions into the field of theoretical physics, where he has 
considered the application of the new mechanics to the theory of the extraction 
of electrons from a cold conductor by an electric held, and, in conjunction with 
Mr. Flint, to other problems of theoretical interest. 

The first Foulerton Professor, the late Prof. E. II. Starling, was appointed 
in 1922, and 1 had occasion last year, in recording his death, to refer to his 
distinguished record of research during his tenure of the chair. The second 
Foulerton Professor, Dr. Archibald Vivian Hill, was appointed less than three 
years ago, in January, 1926. Since then he has carried out an important 
series of investigations on the energy changes and physico-chemical processes 
involved in the measurable vital activities of muscle and nerve. He has 
measured, for instance, with specially devised apparatus of extreme delicacy, 
the minute quantity of heat liberated in the passage of a wave of excitation 
along a nerve, and also the different factors concerned in the efficient 
muscular activity of man, as exhibited in the running of trained athletes. It 
is significant of the wide interest in these researches, to which his Foulerton 
Professorship has enabled Dr. Hill to devote his whole time, that they have 
been published, largely in our own 1 Proceedings/ tinder the names of some 
sixteen investigators, who have come to work with him from seven different 
countries. 

The Council have recently decided to fill the other Foulerton chair, vacant 
aince the death of Prof. Starling, and I am able to make this first announcement 
of the appointment thereto of Dr. Edgar Douglas Adrian, a Fellow of our 
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Society and of Trinity College, Cambridge, and hitherto Lecturer in Physiology 
in that University. Dr. Adrian has already a distinguished record as an 
investigator, especially in the physiology of the nervous system, in recent 
years, with the aid of apparatus using the modem means of electrical amplifica¬ 
tion, he has been engaged in recording and analysing the minute changes 
transmitted, from an excited peripheral sense-organ, along the conducting 
system of the nerves—changes which, on arrival at a nerve-centre in the brain 
of a conscious being, would result in one or another form of sensation. In 
this, or in other important fields of investigation, we may wish Dr. Adrian 
a long and fruitful use of that greater freedom for research which our Royal 
Society Professorships afford. Dr. Adrian will for the preset continue his 
researches in the Physiology Laboratory, Cambridge. 

In my address last year, I referred to recent advances in the producstion of 
very high voltages for technical purposes, and the application of these voltages 
to highly exhausted tubes in order to obtain a copious supply of high-speed 
electrons and atoms and high-frequency radiation. It is of interest to note 
how rapidly in recent years our ideas have widened as to the possibilities of 
production of very high-frequency radiation of the X-ray type, both by 
artificial and natural processes. 

In my address this afternoon, I shall briefly consider the present state of 
our experimental knowledge on this subject, and the various directions of 
attack by which we may hope to get further information. On the quantum 
theory, the energy associated with a quantum of radiation of frequency v is 
given by ftv, where h is the well-known constant of Planck. When swift 
electrons impinge on matter, radiation of an X-ray type is generated over a 
wide range of frequencies, and it has been verified experimentally that the 
maximum frequency of the radiation obtainable in this way is limited by the 
relation E «= Av, where E is the energy of motion of the electron, a result in 
accordance with energy considerations. 

For purposes of discussion, it is very convenient to express the energy of a 
quantum not in ergs but in terms of a potential difference in volts, through 
which an electron must fall to acquire an equal energy. Expressed in this 
way, the energy of a quantum of green light corresponds to 2 electron-volts, 
or 2 volts for brevity. Before the advent of X-rays, the highest frequencies 
examined were confined to the ultra-violet part of the light spectrum, corre¬ 
sponding to less than 10 volts. Following the discovery of X-rays and the 
application of methods for determining their frequency, we have been enabled 
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to study radiations over a wide range of individual energy, varying from a few 
hundred volts to 300,000 volts or more. By the use of special gratings and 
other methods, the gap in frequency between ordinary ultra-violet light and 
soft X-rays has been bridged in the last few years. There appears to be no 
limit to the maximum frequency that can be obtained by the bombardment of 
matter with electrons, except the practical difficulty of obtaining streams of 
the requisite high-velocity electrons. Tn some recent experiments in the 
Institute of Technology, Pasadena, about 1 million volts has been successfully 
applied for a short time to a suitably designed X-ray tube. It is stated that the 
X-rays obtained were of such intensity and penetrating power that they could 
easily be observed by the luminosity on a phosphorescent screen 100 feet away. 

So far our experiments in this direction have been limited to about 1 million 
volts, and we have not yet been able to produce X-rays in the laboratory of 
penetrating power equal to that shown by the gamma-rays spontaneously 
emitted by radioactive bodies. The highest frequency observed in their 
transformations corresponds to between 3 and 4 million volts. Some recent 
experiments indicate that the gamma-rays which accompany the weak radio¬ 
activity of potassium are of still greater penetrating power than the rays from 
radium, but no definite estimate of the maximum frequency has so far been 
made. 

There is, in addition, another general method of estimating the frequency 
of radiation that may arise in certain fundamental atomic processes of a simple 
type. According to modem views energy and mass are closely connected, 
and the relation between the energy E resident in a mass m is given 
by the well-known equation of Einstein E = mcr, where c is the 
velocity of light. According to this view, if any system decreases in 
mass by internal rearrangement, the total energy lost in the process is 
given by the product of the change of mass multiplied by c 3 . If this energy 
is emitted in the form of a radiation of one definite frequency v, then 
Av ss= t?dm, where dm is the accompanying change of mass of the system. On 
account of the very small change of mass even for a large emission of energy, 
it is difficult to give a direct experimental proof of this relation, but there 
seems to be little doubt of its general validity. Even for the radio¬ 
active bodies, which in their successive transformations spontaneously emit 
a very large amount of energy per atom, in the form of alpha-, beta- and gamma- 
rays, the effect to be expected is small and difficult to measure. The atom of 
uranium, of mass about 238, after successive transformations involving the loss 
of eight alpha-particles changes into an isotope of lead, of mass about 206. 
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It is to be anticipated, that, if the methods of positive ray analysis could be 
applied to these elements, the difference between the atomic masses of uranium 
and the resulting lead would include not only the mass of 8 helium nuclei in 
the free state, but also about 0-05 unit of atomic mass, corresponding to the 
total emission of energy of about 46 million electron-volts per disintegrating 
atom of uranium. This difference—about 1 in 4,000—should be just detectable 
by the methods employed by Aston in his study of isotopes. Similarly the 
change of mass in each transformation can be deduced if the energy released 
during the process is known experimentally. 

We shall now consider the application of these ideas to certain nuclear pro¬ 
cesses. It is now generally accepted that the nuclei of all the elements are 
composed of protons (hydrogen nuclei) and electrons. While it is of course 
difficult to give a definite proof of this hypothesis, we know that it is strongly 
supported by the work of Aston on the atomic masses of the isotopes of the 
elements, and by the experiments on the liberation of protons from certain light 
elements when bombarded by swift alpha-particles. It is generally supposed 
that the helium nucleus is composed of a close combination of four protons and 
two electrons. The mass of the helium atom is 4’00216 (O — 16), while the 
mass of four hydrogen atoms in the free state is 4 X 1 -0078. There is in 
consequence a loss of mass of 0-029 units in the formation of the helium atom. 
This indicates a loss of energy of 27 million electron-volts in the process of 
building a helium nucleus from free protons and electrons. If it be possible 
to imagine that in some way this energy is emitted catastrophically, in a single 
quantum of radiation, the energy of the quantum would correspond to 27 
million volts. The energy emitted per atom is thus very large, and it has been 
suggested by Eddington and others that the formation of helium from hydrogen 
nuclei and electrons may be one of the sources of the energy radiated from 
the stars. 

In a similar way the total energy emitted during the formation of any atom 
of known mass from free protons and electrons may be estimated. Since the 
proton in a free state has a mass 1 -0073, and a mass about 1 ’000 in the average 
nuclear combination, the energy released per proton is about 7 million 
volts. For example the atomic weight of the most abundant isotope of 
mercury (atomic number 80) is 200-016, and this presumably contains 200 
protons, of mass nearly unity, and 120 electrons. Disregarding the small 
mass due to the electrons, we may conclude that the total energy emitted 
during the formation of a mercury atom from free protons and electrons is 
about 1400 million electron-volts. 
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When we consider the extreme complication of such a heavy nucleus and 
the number of its component parts, it is difficult to believe that this emission 
of energy can take place in one single catastrophic act. It is so much more 
likely that the energy is emitted in a step by step process during the organisa¬ 
tion of the nucleus. Except for light atoms, where the nuclear structure is 
simple, it is to be expected that the radiation of energy from all complex nuclei 
would occur in successive stages. 

On the other hand, there is one possibility to consider, which was first put 
forward by Jeans to account for the long lives of the hot stars. He supposes 
that even the protons and electrons are not indestructible, but may Under 
unknown conditions be transformed into radiation. The total internal energy 
of the electron is about 500,000 volts, but of the proton 1,840 times greater, 
or about 940 million volts. If we suppose the proton and electron to disappear 
together in the form of radiation, there must be an enormous liberation of 
energy. If this energy be emitted in a single quantum, we should expect 
to obtain a gamma-radiation corresponding to about 940 million volts. Such an 
hypothesis is admittedly of a very speculative nature and may be very difficult 
of direct proof or disproof. 

Apart from the radioactive bodies, we have no definite experimental evidence 
of the emission of penetrating radiations, either in the formation of atoms or 
destruction of protons, and it may be that the processes considered do not take 
place under the conditions of our experiments on the earth. On the other 
hand, the long life of the hot stars indicated by general astronomical evidence 
does seem to demand some such process or processes, in which the liberation 
of energy is enormous compared with the mass involved. 

It is thus of very great interest to examine whether any direct experimental 
evidence can be obtained of the existence of such extraordinarily energetic 
gamma-rays. This interest is heightened by the experiments in recent years 
which have shown the existence of an-extremely penetrating type of radiation, 
sometimes called the cosmic ” rays, in our atmosphere—a radiation much 
more penetrating than the gamma-rays from the radioactive bodies. This 
radiation has been detected and measured by the small ionisation produced in 
a closed electroscope. The initial observations were made by Hess and by 
Kolhorster, and we owe much to the admirable experiments of Millikan and 
Cameron, who have carefully examined the absorption of this radiation by the 
water of mountain lakes, which are practically devoid of ordinary radioactive 
matter. 

It is clear fr6m these experiments that the radiation is complex in character, 
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and that there are present radiations which are able to pass through 17 metres 
of water for a reduction of intensity to one-half value. It is natural to suppose 
that this radiation is of a gamma-ray type, but it should l>e borne in mind 
that the effects so far observed would be equally explicable if the radiations 
consisted not of high-frequency gamma-rays, but of high-energy electrons 
entering our atmosphere. 

Assuming, however, that the radiation is of the gamma-ray type, it is 
necessary to consider the factors that determine the absorption of such a radia¬ 
tion by matter. During the past 20 years, the problem of the nature on the 
absorption of X-rays and gamma-rays by matter has been the subject of 
detailed investigations, and there is now a general consensus of opinion on the 
main features of the processes involved. In the case of the heavier elements, 
the absorption of ordinary X-rays is mainly due to the interaction between 
the radiation and the electrons in the atom, whereby the energy of the quantum 
of radiation is transferred to the electron. This is generally known as the 
u photoelectric 55 effect. In addition there is a relatively small loss of energy 
due to the scattering of the incident radiation by the electrons ; but in general, 
except for very high-frequency X-rays and light elements, the absorption due 
to the photoelectric effect predominates. The case is quite different when we 
deal with penetrating gamma-rays, where the loss of energy due to the process 
of scattering becomes relatively much more important, and for radiation 
of energy of the order of 100 million volts almost completely governs the 
absorption. 

The main features of this scattering, known as the Compton effect, are now 
well understood. There is an occasional interaction between the quantum of 
radiation and the electron in an atom, whereby the radiation is scattered 
and the electron set in motion. The scattered radiation is always of lower 
frequency then the incident radiation, the difference depending on the angle 
of scattering. In this type of encounter between radiation and an electron, 
both momentum and energy are conserved, and consequently the energy given 
to the electron depends on the nature of the encounter, and thus on the angle 
of scattering of the radiation. The essential correctness of this theory has 
been verified by several distinct methods. 

When a pure radiation of definite frequency is passed through matter,,there 
always remains some transmitted radiation which has not been transformed, 
but mixed with it arc degraded radiations of much lower frequency and swift 
electrons .set in motion by the process of scattering. The ionisation observed 
in a closed vessel is probably mainly due to the electrons liberated by scattering 
in the medium and the walls of the containing vessel. 
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Assuming that the laws of the Compton process of scattering are valid for 
high-frequency radiation, there still remains the difficulty of estimating the 
probability of such scattering encounters, for on this probability depends the 
actual magnitude of the absorption coefficient. Different methods of calculat* 
mg this probability have been given by A. H. Compton, Dirac, and recently 
by Klein and Nishina. The theory of Compton is based mainly on classical 
analogies, and that of Dirac on the earlier quantum mechanics. Recently 
the problem has been attacked again by Klein and Nishina (‘ Nature,’ Sept. 15, 
IS28), using the later relativistic form of wave-mechanics formulated by 
Dirac. The calculated absorption coefficients for high-frequency radiations 
differ materially from one another on these three theories, and in particular 
the theory of Klein and Nishina gives a greater absorption coefficient for a 
given high-frequency radiation. For radiations of individual energy more than 
100 million volts, the coefficient is about five times greater than that given 
by the formula of Dirac. 

Unfortunately the experimental evidence available from a study of the 
absorption of the most penetrating gamma-rays from radioactive bodies is 
not complete enough to give a definite test of the validity of these theories. 
However, Mr. Gray, of the Cavendish Laboratory, who has made a careful 
examination of existing data on the absorption of gamma-rays, informs me 
that the evidence as a whole is more in accord with the theory of Klein and 
Nishina than with the earlier theories of Compton and Dirac. It is evident, 
however, that in view of the importance of the question, a careful determination 
is required of the absorption and scattering of gamma-rays, of as definite fre¬ 
quency as possible, in order to distinguish between the various theories. 

It is of interest to note that the absorption coefficient of the moat penetrating 
type of radiation, deduced by Millikan and Cameron from their experiments, 
is in excellent accord with that to be expected on the Klein-Niahina theory 
for a quantum of energy 940 million volts—the energy demanded for the trans¬ 
formation of the internal energy of the proton into radiation. Although this 
agreement is suggestive, our theories of absorption are at present too tmeertain 
to place much weight upon it. Even if subsequent experiment should prove 
the correctness of an absorption formula within a certain range of frequency 
corresponding to the gamma-rays there would still be the need of extrapolating 
the formula over a very wide range, say from quantum energies of 3 million 
volts to 1,000 million volts, to include the ultra-penetrating rays observed in 
our atmosphere. 

In addition there are a number of new factors which may have to be taken 
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into consideration when we are dealing with the passage of very high-frequency 
radiation through matter. In the ordinary theories, the scattering of the 
radiation is supposed to be confined to the extra-nuclear electrons, but if we 
are dealing with a quantum of energy corresponding to the order of 100 million 
volts, it is not unlikely that the nuclear electrons may be effective in scattering 
as well as the outer electrons. Such an effect is to be expected if the energy 
of the quantum is large compared with the energy required to release an electron 
from the nucleus, In addition there is always the possibility, and even the 
probability, that such energetic radiations or the swift electrons liberated by 
them may be able occasionally to disintegrate the nucleus of the atom in 
their path. 

For all these reasons, it is evident that much more information is required 
before we can draw any but tentative conclusions as to the nature of the 
penetrating radiations in our atmosphere. So far, experiments have been 
mainly confined to measuring the ionisation produced in a sealed electroscope. 
Further experiments are required, which will* give us definite indication of 
the energy of the swift electrons present in the atmosphere, for this will give 
us valuable information on the maximum frequency of the radiation 
present, quite independently of the exact accuracy of our theories of 
absorption. 

Continued observations made in a Wilson expansion chamber should throw 
much light on the nature of the particles which produce the ionisation in a 
closed vessel, and with the addition of a magnetic field of sufficient intensity 
the curvature of the tracks of beta-rays should enable us to determine their 
individual energy. Experiments of an analogous kind have already been made 
with an expansion chamber by Skobekyn, in order to determine the relative 
intensities of the main gamma-rays emitted by radium C. In the course of 
these experiments, he has observed on several occasions the trails of very 
energetic beta-particles, probably arising from the ultra-penetrating radiation 
in our atmosphere. 

During the present year Prof. Hans Geiger has developed a modified form of 
beta-ray counter, which records each beta-particle entering a vessel of con¬ 
siderable volume in any direction. This new method is so delicate that it may 
prove very useful in counting and even recording the number of beta-particles 
produced by the penetrating radiation. While it is to be hoped that in the 
years to come we may have available for study in our laboratories swifter 
beta-rays and higher-frequency radiation than we have to-day, we can hardly 
hope in the near future to produce artificially radiations, atoms and electrons 
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which have an individual energy of the order of 100 million to 1000 million 
volts, such as are present in our atmosphere. 

It is thus of great interest and importance to use every promising method of 
attack to throw light on the nature and origin of these penetrating radiations and 
the effects arising in their transmission through matter. The magnitude of the 
effects to be observed is small and not easy to measure with accuracy; but 
with the ever-increasing delicacy of methods of attack we may hope to gam 
much further information. The study of these extraordinarily penetrating 
radiations is not only of great interest in itself, but also for its promise of 
throwing new light on fundamental processes in our universe connected with 
the building up and destruction of atoms. It may take many years of faithful 
experiment before the evidence is sufficient to test the correctness of the 
numerous interesting speculations that have been advanced to account for 
the origin and nature of these radiations. 

We now pass to the presentation of the medals. 

The Copley Medal is awarded to Sir Charles Parsons, O.M., F.Ii.S. 

In the world of mechanical engineering the genius of Charles Parsons 
has opened up a new era. He has originated and developed a new typo of 
thermal engine entirely flexible and adaptable, and capable of high efficiency, 
combined with concentration of power never even imagined before. 

By continuous practical effort for the past 45 years, aided by remarkable 
mathematical insight acquired in his University days, he has perfected the 
parallel flow compound steam turbine, and has applied it successfully to 
electric generation and to marine propulsion, both attaining to an unpre¬ 
cedented scale. In this progress there have been involved great ingenuity 
in practical design and careful research into the dynamics of the flow of steam 
between fixed and moving blades, and the scientific determination of the best 
proportions for the successive stages of expansion and the degrees of super¬ 
heating. The result has been that while the utilisation of heat in the best 
triple-expansion reciprocating steam engine amounts to 17 per cent, of the 
whole, the Parson's large central station turbines now convert 25 per cent, into 
mechanical power, and in still larger turbines 28 per cent, is anticipated. 

The first steam turbine of 4 kilowatts was used in 1885 for electric lighting. 
This was followed by the development of turbines of increasing power, reaching 
5,000 kilowatts in 1910. At present turbines of 20,000 and 30,000 kilowatts 
are in operation. 

The application to marine propulsion was signalised ini897 by the appearance 
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of the “ Turbinia,” a small experimental craft of 200 tons, developing the 
extraordinary speed of 33 knots. Large turbine-driven destroyers for the 
Navy rapidly followed. In 1904 the cruiser “ Amethyst,” of 3,000 tons, was 
propelled by Parsons turbines of 14,000 h.p., with success so conspicuous 
that all now warships of all classes were fitted with steam turbines, so that by 
1912 the Royal Navy had 7 million horse-power of Parsons turbines in 
operation. In the merchant navy progress was equally rapid. The first 
turbine vessel was the Cunard liner “ Carmania,” and now all large high-speed 
liners, such as the “ Aquitania,” are turbine-driven. 

During this remarkable development numerous problems arose, urgently 
demanding a solution, involving a precise study of jet velocities, leakage, 
turbulent flow and vacuum augmenters. The phenomena involving cavita¬ 
tion of sorew propellers opened up new fields, of abstract as well as practical 
interest. 

Naturally other eminent inventors have taken a share in this progress, but 
they would doubtless all concur that Sir Charles Parsons has been greater in 
the scientific development of thermal power produced by Bteam than any 
engineer since James Watt. 

A recent side-product of Sir Charles Parsons’ activities, here stimulated by 
heredity, has been the revival of the British scientific industry, once con¬ 
spicuous, of optical glass and telescopic construction, while some of his hours 
of relaxation have been spent in the strenuous endeavour to crystallise carbon 
into diamonds by catastrophic processes. 

The Rumford Medal is awarded to Prof. Friedrich Paschen. 

Prof. Paschen is especially distinguished for his important contributions 
to spectroscopy. He early acquired remarkable skill in the investigation 
of infra-red radiation and made valuable determinations of the distribution of 
energy in the spectrum of a black body, giving the first experimental proof 
of the law that the frequency of maximum energy is proportional to the 
absolute temperature. He afterwards made numerous observations of the 
infra-rod emission spectra of various elements, which were of fundamental 
importance for the development of our knowledge of series in spectra, and 
subsequently for the theory of spectra in relation to atomic structure. 

Poof. Paschen has also contributed in a notable degree to the precise measure¬ 
ment and series classification of spectrum lines in general His masterly 
analysis of the highly complicated spectrum of neon affords an admirable 
example of his insight and skill. His work on the spectrum of doubly-ionised 
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aluminium also stands out conspicuously as giving the first proof of Bohr’s 
deduction that the series in such a spectrum should be characterised by a 
constant nine times greater than the Rydberg constant which is applicable 
to the spectra of neutral atoms. Another striking contribution was made by 
his extremely delicate observations of the fine structure of the lines of ionised 
helium, which proved to be in close agreement with Sommerfeld’s theory, and 
led to one of the most trustworthy estimates of the mass of an electron. 
Prof. Paschen has also long been one of the foremost workers on the 
Zeeman effect, and the results which he has obtained, including the discovery 
of the well-known Paschen-Baek effect, have been invaluable for theoretical 
discussions. 

In all his investigations Prof. Paschen has shown extraordinary skill in 
the design and manipulation of apparatus, and the whole of his work is 
characterised by an obvious striving for the greatest attainable precision. 

A Royal Medal is awarded to Prof. Arthur Stanley Eddington, F.R.S. 

The contributions to knowledge of Prof. Eddington within the past ten 
years have been mainly in connection with the internal constitution of stars 
and with the generalised theory of relativity. 

By an examination of the conditions of equilibrium of a typical giant star 
he showed that these were more easily satisfied when account was taken of 
radiation pressure. His results were somewhat modified when the extent of 
the ionisation at the high temperature in the interior of a star was pointed out 
by Jeans and Newall. He formulated a complete theory of the internal 
structure of a star, assumed to be a non-rotating whirl of atoms and electrons, 
with radiation gradually forcing its way to the surface ; further, he pointed out 
that the masses of stars, which are found by observation not to vary greatly, 
ranged about the point where radiation pressure balances gravitation. Later, 
Eddington obtained a theoretical relation between the mass and absolute 
luminosity of giant stars. Taking Capella as a starting point, he found agree¬ 
ment with his theoretical results not only among giant stars but also among 
dwarfs, which had hitherto been supposed to have a liquid or solid nucleus; 
and he explained this result as due to the closer packing that is possible when 
atoms are stripped of their outer electrons. The companion of Sirius is the 
extreme example of this condition. 

Eddington has also worked out a mathematical theory of Gepheid variables 
on the assumption that they are oscillating radially. These extremely bright 
Stars play a fundamental part in several astronomioal questions, and 
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it is of the greatest importance that their physical condition should be 
investigated. 

In connection with the theory of relativity , he conducted in 1919 one of 
the two eclipse expeditions which verified tho deflection of light rays from 
stars near the sun. He also developed the theory, to a certain extent on the 
philosophical side, but considerably on the analytical side, especially with 
regard to the electromagnetic and gravitational fields. 

Prof. Eddington has attained international fame by the brilliance of his 
contributions to astronomical science, 

A Royal Medal is awarded to Dr. Robert Broom, F.R.8. 

During the course of thirty-three years’ search in Australia and South 
Africa Dr. Broom has made a very large number of important discoveries 
in vertebrate palaeontology, embryology and morphology that shed new light 
upon the problems of the origin of mammals, lizards, crocodiles and birds, the 
significance of which has been interpreted in his Oroonian Lecture (‘ Phil. 
Trans./ 1914) and 285 memoirs. His researches represent the most significant 
contribution made by any one investigator to the determination of the relation¬ 
ships of the main groups of vertebrate animals, and to the definition and 
solution of the problems involved in the evolution of the higher groups. 

At the time when he first went to South Africa, 35 genera and 65 species 
of fossil reptiles had been identified in the Karoo beds; very little was known 

their structure, and the classification was in a state of apparently hopeless 
confusion. He tripled the number of known genera and quadrupled the number 
of species. He worked out the details of the anatomy of most of the groups, 
and established an orderly classification which has now been universally 
accepted by the scientific world. He is now actively engaged in the investiga¬ 
tion of some of the outstanding problems involved in the evolution of mammals 
and birds. 

The Davy Medal is awarded to Prof, Frederick George Donnan, F.R.S, 

Prof. Donnan is, like his master van‘t Hoff, a man of ideas. Early in 
his scientific career he wrote on the nature of soap emulsions and on the 
theory of capillarity and colloidal solutions, Being thus engaged with 
problems of surface activity, and being also intimately conversant with the 
electrolytic dissociation hypothesis, he put two and two together and 
made thereby not four, but a multitude—the mark of original scientific 
genius. His theory of membrane equilibrium and membrane potential is an 



21 


Anniversary Address by Sir Ernest Rutherford . 

achievement of the first rank, and has been the starting-point of numerous 
studies not only in the domain of pure chemistry, but more especially in 
biochemistry, where the conditions for displaying the phenomena he predicted 
are often encountered. Physiological chemists have seized on his idea and 
utilised it in many fields of investigation. 

Donnan’s researches on surface tension and adsorption at liquid-liquid 
interfaces have led to results of the greatest interest, and his verification by 
means of nonylic acid of the Gibbs’ adsorption formula is a most brilliant 
experimental conception. A by-product of Dorman's activities during the 
War is a theory of thc'action of gas-scrubbers, based on the velocity of absorp¬ 
tion of gases by liquids. 

Not only has Donnan by his own researches done the highest service to his 
science—he has founded a school of physical chemistry, whence issues a steady 
flow of admirable researches, which he has suggested, and of young physical 
chemists, whom he has inspired. 

The Darwin Medal is awarded to Dr. Leonard Cockayne, F.R.8. 

The award of a Darwin medal to Dr. Cockayne is fitting because of the 
distinction of his work in fields in which Charles Darwin himself laboured. 
That distinction has been gained by the use of the Darwinian method: a 
true naturalist. Dr. Cockayne has waited patiently upon facts before drawing 
conclusions. For over thirty years he 1ms made it his task to deepen and 
widen our knowledge of New Zealand botany in the broadest sense. He has 
not only worked himself with outstanding ability and untiring energy; he 
has imparted his enthusiasm to a school of younger colleagues, eager to advance 
his labours on the lines he has laid down. The excellence of Dr. Cockayne’s 
work, from the ecological point of view, is recognised by botanists in every 
country and has made him one of the foremost living students of plant-associa¬ 
tion ; the taxonomic studies rendered necessary by his ecological results have 
led to those remarkable discoveries of natural hybrids in New Zealand that 
have won for him a world-wide reputation, and have made on modem thought 
on impression akin to that produced by the results of Mr. Darwin’s studies 
of plants under domestication. Dr. Cockayne’s researches have had, on 
sylvicultural and agricultural procedure, a practical bearing which has been 
appreciated by, and has influenced the policy of, New Zealand statesmen. 

The combination of philosophic outlook and lucid exposition that marks his 
contributions to natural knowledge, may also explain the invitation, accepted 
by Dr, Cockayne, to contribute a monograph on the flora of New Zealand to 
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‘Die Vegetation der Erde/ edited by Dr. Engler—a compliment no other 
British botanist has been paid. It does at least account for the remarkable 
local effect of Dr. Cockayne’s book 4 New Zealand Plants and their Story, 1 
An eminent Continental ecologist, well acquainted with the philosophic import¬ 
ance of Dr. Cockayne’s labours, has said “ it is wonderful how Cockayne has 
succeeded in interesting the population of a new country in botany. 11 


The Sylvester Medal is awarded to Prof. William Henry Young, F.R.S. 

Dr. W. II, Young has token a very prominent part in the development 
of the modern theory of functions of real variables, and in its application 
to the theory of Fourier’s and other series. During the present century 
he has published an immense number of memoirs and notes dealing with 
this branch of mathematics and containing important advances in the subject; 
many of these are strikingly original, and even the smaller of them throw light 
on some particular points. His earlier work dealt chiefly with the theory of 
sets of points, and contains important developments on the lines laid down 
by G. Cantor and Harnack. He soon proceeded to apply this theory in the 
integral calculus, and he obtained a general definition of the integral which 
is essentially equivalent, although somewhat less simple in form, to that given, 
about the same time, by H. Lebeague, which latter has become a corner stone 
of modern analysis. Much of Dr. Young’s work has also proved to be a 
starting point for further investigations by other mathematicians. Instances 
of this feature in his work are his generalisations of the theorems of 
Parseval and Riesz-Fischer in the theory of Fourier’s series; his investiga¬ 
tions on the properties of Fourier’s constants and of the series conjugate to 
Fourier’s series. By means of his conception of restricted Fourier’s series 
he was enabled to devise a method by which conditions of convergence, 
summability, <fcc., known to hold good for Fourier’s series, could be carried 
over to series of Legendre’s and Bessel’s functions. Many other investigations 
in the domain of integration and Fourier’s series, too numerous to be mentioned 
in detail, have contributed notably to our present knowledge in this department 
of analysis. 

*1 

The Hughes Medal is awarded to M. Le Due de Broglie. 

Maurice Francois CSsar, Due de Broglie, member of the Academy of Sciences, 
is distinguished especially for his pioneer researches on X-iay speetra and 
secondary beta-rays. He was one of the first to obtain the complete wmi—irwy 
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spectrum of X-rays and to study X-ray absorption spectra, while bis work on 
the magnetic spectrum of the beta-rays, arising from the passage of X-rays 
through matter, has proved of great importance. He founded in PariB a private 
laboratory directed by him, which is devoted to researches on X-rays and 
allied subjects. An experimeter of unusual skill, he and his co-workers have 
made important contributions to knowledge in many fields. 


The Production of New Radiat'ions by Light Scattering.—Part I. 

By Prof. C. V. Raman, F.R.S., and K. S. Krishnan. 

(Received August 7, 1928.) 

(Plates 1, 2.) 

1. Introduction. 

In two preliminary papers* we have recorded the discovery that when 
monochromatic light is scattered in a transparent medium (be it gas, vapour, 
liquid, amorphous solid or crystal), the diffused radiation ceases to be mono¬ 
chromatic, and several new lines or sometimes bands (associated in many 
cases with a continuous spectrum) appear in the spectrograms of the diffused 
radiation. Further, the new radiations arc, in general, strongly polarised. 
That the phenomenon is entirely distinct from what is usually known as 
fluorescence is clear from the fact that the effect is observed when both the 
exciting radiation and the new radiations generated by it are far removed 
from the characteristic ultra-violet and infra-red frequencies of the medium. 
As an illustration we may mention the case of transparent crystalline quartz 
in which the effect is very well shown with the 4358 A.U. line of mercury as the 
exciting line, the new lines also appearing in the indigo-blue region of the spec¬ 
trum. Our preliminary studies have proved conclusively that the effect arises 
in the following way: The incident quantum of radiation » either scattered 
as a whole, in which case we have the classical scattering, or else is absorbed 
in part by the molecules of the medium, the remaining part appearing as a 
scattered quantum. The part absorbed shifts the molecule to a level of energy 

* Raman, * lad. J. Phys.,’ vol. 2, p. 887 (1928) j Raman and Krishnan, ‘ Ind. J. Phys.,’ 
vol. 2, p. m (1888). 
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different from the initial state. The possibility of a process of this kind, in 
respect of the electronic state of an atom, was first contemplated by Smekal,* 
and figures prominently in the theory of dispersion due to Kramers and Heisen¬ 
berg,*)* and in the papers of Schrddinger.J Our experiments furnish definite 
proof of the possibility of such processes, and show that they may occur also 
in such complicated systems as the molecules of a vapour or a liquid or even 
in a complete crystal. In the series of papers of which this is the first our 
further studies of the new radiations will be discussed. 

2. Experimental Methods. 

The experimental arrangements were exactly the same as those described 
in the previous papers. The liquids to be examined were rendered dust-free 
in the usual manner by repeated slow distillation in vacuo, and the final distil¬ 
late was contained in a bulb of about 500 to 600 c.c. capacity. A 3000-c.p. 
mercury arc served as the source of monochromatic illumination and was 
concentrated with an 8-inch condenser, at the centre of the liquid bulb, which 
was kept immersed in a suitably blackened glass tank containing water. 
By interposing a strong solution of quinine sulphate and a plate of blue glass 
between the condenser and the liquid, practically all the lines of the incident 
mercury spectrum excepting the 4358*3 line and its close companions were 
cut out. In the case of carbon tetrachloride, where the modified lines were 
sufficiently close to the exciting line, no filters were used. 

The spectrum of the scattered light was taken with a Hilger quartz spectro¬ 
graph (E 2 ), using very rapid photographic plates (Ilford Iso-zenith, H. & D. 
700). In the case of the single line pictures of benzene and toluene an exposure 
of about 40 horns was necessary, while for carbon tetrachloride, for which the 
complete mercury arc was incident, an exposure of only 25 hours was given. 

3. Experimental Remits. 

In Plates 1 and 2 are reproduced the spectrograms of the scattering by benzene, 
toluene and carbon tetrachloride. The plates were measured with a Hilger 
travelling micrometer and the wave-lengths of the modified lines were calcu¬ 
lated, using the mercury lines (feebly transmitted by the filters) as standards 
for reference* A simplified Hartmann formula was used for interpolation. 

* * Nature.,’ vol, 11, p. 873 (1923). 

f 1 Z. Phy&ik,’ vol. 81, p. 681 (1925). 

t * Abhandlungen zur Weltenmechanik/ Leipzig, p. 112 (1927). 
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Table I.—Spectrum of Benzene Scattering. 


Unmodified Lines. 

Modified Lines. 

Origin of the 
Modified Lines. 

Wave¬ 

length 

LA. 

Wave¬ 
number 
(in vacuo 
per cm.) 

Intensity. 

Wave¬ 

length 

LA. 
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ing line. 
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of wave¬ 
numbers. 
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Table II.—Spectrum of Toluene Scattering. 


Unmodified Linos. 

Modified Lines. 

Origin of the 
Modified lines. 

Wave¬ 

length 

LA. 

Wave¬ 
number 
(in vacuo 

Intensity. 

. , eT 

Wave¬ 
number 
{in vacuo 

Intensity. 

Wave¬ 
length of 
the excit- 

Difference 
of wave- 
numbers. 


per cm.) 



per cm.) 


ing line. 




4176-1 

23939 

0 

4358-3 

- 1001 




4213-7 

23725 

0 

4358-3 

- 787 




4262*3 

23455 

0 

4358-3 

- 517 




4315-6 

23165 

1 

4358-3 

- 227 
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30 






4358-3 
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2 

4358-3 
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Table III.—Spectrum of Carbon Tetrachloride Scattering. 


Unmodified Lines. , 

f 



Wave- 


Wave¬ 

length 

number 
{in vacuo 

Into unity. 

LA. 

per cm.) 
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! 

i 
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Modified Lines. 


Wave¬ 

length 

LA. 


Wave¬ 
number 
(in vacuo 
per cm.) 


Intensity. 


| Origin of the 
Modified Lines. 

i 


r 


Wave¬ 
length 
of the ex¬ 
citing line. 


Difference 
of wave- 
numbers. 


4273-5 
42911-6 
4317*2 
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23157 2 


22719 7 
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! | 

4358-3 I 
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313 

i 4358-3 1 

- 219 


4358*3 

219 

4358*3 

312 

4358-3 
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4358*3 

768 
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4. Infra-tied Spectra of the Molecules. 

As has been shown in our previous papers, the shift in frequency of the modified 
lines must correspond to a characteristic frequency of the molecule. In the 
following table are exhibited the shifts in wave-number of the different modified 
lines and the corresponding infra-red wave-lengths characteristic of the mole¬ 
cule. The infra-red absorption spectra of these liquids have been studied by 
Coblentz,* Belli and others, and their values are also reproduced in the table 
for comparison. 

Considering the uncertainties in the direct measurement of infra-red spectra, 
the agreement between the values of the characteristic wave-lengths calculated 
from light-scattering and those measured directly should be considered satis¬ 
factory; thus confirming the conclusions drawn in our previous papers regarding 
the origin of the modified lines. 


* Quoted by J. W. Ellis, * Phys. Rev.,' vol. 27, p. 305 (1926). 
t ' J. Am. Chem. Soc.,’ vol. 47, p. 2814 (1825). 






Production of New Radiations by Light Scattering. 27 


Table IV.—Infra-Red Spectra of the Molecules. 
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5. Light Scattering and Infra-Red Spectroscopy. 

Attention was drawn in our previous papers to the usefulness of light 
scattering as a convenient and accurate method in infra-red speotroscopy. 
In a single spectrogram taken in the visible region we get all the infra-red 
frequencies of the molecule simultaneously photographed, and they could be 
measured much more accurately than with an infra-red spectrometer. For 
example, in the case of sharp, bright lines, as some of those appearing in the 
spectrograms are, we can, with an instrument of larger dispersion and using 
suitable comparison standards, measure them Correct to a hundredth of an 
Angstrom unit, which corresponds in the near infra-red, say, 3 pt> to an accuracy 
of about 1 part in 60,000, and in the extreme infra-red, say, 20 p, to 1 port 
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in 10,000, In fact, the accuracy is limited only by the width of the modified 
line. 

The appearance in the scattered spectra of toluene and carbon tetrachloride 
of modified lines corresponding to several hitherto unknown frequencies of the 
molecules, in the extreme infra-red region as far as 46 p,* emphasises the ready 
applicability of the method especially to regions not accessible to the ordinary 
infra-red spectrometer. 

6. Enhancement of Frequency in Light Scattering. 

While most of the modified lines are of smaller frequency than the exciting 
line there appear in all the three spectrograms (figs. 2, 3 and 5) some relatively 
feeble lines whose frequencies exceed the frequency of the exciting line by an 
infra-red frequency of the molecule. These lines are particularly conspicuous 
in the case of carbon tetrachloride, where corresponding to each of the three 
prominent lines on the longer wave-length side of the exciting line we have a 
weaker line on the shorter wave-length side. The appearance of these lines 
of enhanced frequency proves in the first place the existence in the liquid at 
ordinary temperatures of some molecules at a level of energy higher than the 
normal by that corresponding to an infra-red frequency of the molecule, and 
secondly, that the incident light induces a return of these molecules to the 
normal state. That is to say, while most of the molecules taking part in modified 
scattering are in the normal state and absorb a part of the incident light 
quantum, thus giving rise to a scattered radiation of smaller frequency, there 
is also a small number in the liquid, already in the higher level of energy, which 
under the influence of the incident radiation can be induced to part with their 
energy by a return to the normal state, thus giving rise to a scattered radiation 
of correspondingly higher frequency. In the existence of these lines of enhanced 
frequency we have for the first time a direct experimental proof of induced 
emission of radiation by molecules. 

It may be of interest to recall in. this place that the idea of an induced 
emission of radiation or what has sometimes been described as a “ negative 
absorption of radiation/* was first put forward by Einstein in his celebrated 
paperf on the derivation of Planck’s radiation formula, and forms an essential 
feature of his theory* The idea also figures prominently in the theory of dis¬ 
persion developed by Kramers and Heisenberg ( loc . cit .). 

* In fact in the ease of toluene there is a line corresponding to even longer wave-lengths 
which could not, however, be measured in the particular negative, 

t * Phys. Z./ vol, 18, p. 121 (1917). 
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The relative intensities of the positive and negative lines corresponding 
to a given molecular frequency v can be easily calculated* The proportion 
of molecules in the higher level of energy is obviously given by the relation 

f — e 

where h is the Planck constant, k is the Boltzmann constant per molecule, and T 
is the absolute temperature. If we assume, as we might reasonably, that the 
transitions of the molecule to and from the higher level are equally probable, 

~ liiL 

then the above ratio, viz., e w also represents the ratio of the intensities of 
the corresponding negative and positive lines. 

Taking for example the case of carbon tetrachloride, corresponding to the 
shifts in wave number 219,312 and 457 (cm."* 1 ) the calculated values for the ratio 
of intensities of the negative and positive lines are I : 2*8, I : 4*4 and l : 8*8 
respectively, at the temperature of the experiment, viz., 30° C. Accurate 
measurements of the actual intensities of the lines have not been made. A 
rough estimate, however, of the intensities from the negative, using for com¬ 
parison a series of graded exposures taken on the same negative and in the 
same region of the spectrum, gave the values I ; 3, 1 : 5, and 1 : 10 respectively, 
in good agreement with the calculated values. 

Conversely, we can take the observed intensity relationships between the 
different positive and the corresponding negative lines as an experimental 
verification of the assumption made in the earlier paragraph, that the forward 
and backward transitions of the molecule are equally probable. The prob¬ 
abilities of transitions of the molecule from the normal state to different energy 
levels are, of course, different, and the differences in the intensities of the 
different modified lines of degraded frequency are obviously due to this cause. 

The rapid fall in the value of the ratio as v increases offers a ready explana¬ 
tion why we do not get negative lines corresponding to large shifts of frequency. 
Also as the temperature is increased, since the proportion of molecules in a 
higher energy level also increases, we should expect the negative lines to brighten 
up relatively to the corresponding positive lines. Experiments are in progress 
to test this point. 

7. Continuous Spectrum accompanying the Scattered Lines . 

The molecular frequencies in the near and extreme infra-red, determining 
the shifts of the various modified lines discussed in the previous sections, are 
presumably vibrational frequencies. The question naturally arises whether 



so 


C. V. Raman and K. S. Krishnan. 


we should not expect also shifts corresponding to the pure rotational fre¬ 
quencies of the molecules. For example, in the case of benzene, taking the 
rotational frequency of the molecule to be of the order of 100 (x the correspond¬ 
ing shifts for the 4358 line will be slightly less than 20 A.U., and should be 
capable of being detected. A visual examination with a direct vision spectro¬ 
scope, of benzene, toluene and some other liquids, showed a nebulosity or 
continuous spectrum accompanying the prominent lines in the scattered 
spectrum. The actual spectrograms reproduced here and in our earlier papers 
also show a general broadening of the lines. However, in view of the presence 
of a general photographic halation accompanying the bright lines—the plates 
used were not backed—we thought it desirable to take fresh pictures with a 
larger dispersion instrument, and they are reproduced here. Fig. 7 (Plate 2) 
shows the nebulosity accompanying the 4358 line scattered by liquid benzene, 
fig. 6 being the direct mercury spectrum diffused by a plate of ground glass, 
taken with the same instrument.* Fig. 8 shows the scattering by carbon 
tetrachloride where, however, the nebulosity is not so conspicuous as in 
benzene. 

From the fact that in the case of benzene the extension of the nebulosity 
from the exciting line is of the same order of magnitude as the rotational 
frequency of the molecule, one is tempted, by analogy with the explanation 
of the origin of the modified lines, to attribute the nebulosity to a combination 
of the rotational frequencies of the molecule with the frequency of the incident 
radiation. Owing to the continual impedance to rotation which must be 
present in a dense medium, it is not difficult to understand why we get a 
continuous spectrum instead of discrete lines. In connection with this 
explanation it may be pointed out that the nebulosity extends unsymmetrically 
on the two sides of the exciting line, being more conspicuous on the longer 
wave-length side. 

Whether the comparatively feeble continuous spectrum in carbon tetra¬ 
chloride scattering is due to a smaller rotational frequency of the molecule or 
is in any way connected with its symmetrical nature, is more than we can 
venture to answer at present. Further observations, especially in the vapour 
state, or in the liquid at different temperatures, are obviously necessary 
before we can fully understand the origin of this nebulosity. 


♦ In this connection see an interesting paper by Cabannes and Daure, ‘ Comptes Rerodua, 
June 4, 1928. 
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8. Polarisation of Scattered Radiations . 

In view of the imperfection in polarisation of the classical light-scattering 
at 90°, it becomes of importance to ascertain the nature of the polarisation of 
the modified radiations. For this purpose two spectrograms were taken with 
equal exposures and under identical conditions, side by side on the same plate, 
using a nicol in front of the slit of the spectrograph. During the first exposure 
the shorter axis of the nicol was perpendicular to the track in the liquid, and 
during the second, parallel to the track. 

Fig. 9 gives the direct spectrum of the mercury arc, incident in the liquid, 
fig, 10 the scattered spectra of benzene, fig, 11 of carbon tetrachloride, and 
fig. 12 of amyl alcohol. 

The following are some of the interesting results which emerge from a study 
of these spectrograms :— 

(1) All the unmodified lines (t.c., classical scattering) are polarised to practic¬ 
ally the same extent. 

(2) For a given shift of frequency, the modified lines excited by the different 
incident lines are polarised to the same degree, but differ in polarisation from 
the unmodified lines. 

(3) The modified lines corresponding to different frequency shifts are 
polarised to different extents, the intensity of the weaker component varying 
from almost nothing to about 40 or 50 per cent, of that of the stronger line. 
For example, in the case of carbon tetrachloride, the most prominent modified 
line (which corresponds to a shift of 457 cm. -1 ) is more or less completely 
polarised, while the other two prominent lines show a large imperfection in 
polarisation. 

(4) The negative lines (i.e., of enhanced frequency) are polarised to the same 
extent as the corresponding positive lines. 

(5) The strong modified lines are usually more polarised than the feeble 
ones. 

(6) The general continuous spectrum appearing in the scattering by amyl 
alcohol is also strikingly polarised. 

A tentative explanation of these results regarding the polarisation of the 
modified lines may be suggested by analogy with the ideas put forward by the 
late Lord Bayleigh and by Born to explain the observed imperfection of polari¬ 
sation of the classical scattering. In the classical theory the molecules of the 
medium behave under the influence of the incident light-vector, like oscillating 
doublets! which, as a consequence radiate out energy. If the moment induced 
m the molecule is in the same direction as the induoing force, the transverse 
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scattering would obviously be completely polarised. The imperfection in 
polarisation experimentally observed therefore suggests that there are three 
principal directions in the molecule mutually perpendicular to one another, 
only along which moments can be induced, and that to varying extents. If 
the incident force lies along any one of those directions the induced moment 
is along the same direction. In every other case we have to resolve the 
incident force along the principal axes of the molecule and then determine the 
corresponding moments induced in these directions. Incidentally, we may 
point out that on this basis, assuming the molecules to be independent scatter¬ 
ing centres, as is very nearly the case in a gas, the ratio of the intensities of the 
two principal polarised components of the scattered light can never exceed 
50 per cent., the latter limit being reached when the molecule is polarisable 
only along one axis. 

Carrying now the analogy to the case of modified scattering let us tenta¬ 
tively assume that for a given energy transition of the molecule, there are three 
principal directions in the molecule, the Einstein coefficients of probability of 
transition under the influence of an external force incident respectively along 
these three directions being different. As regards the actual mechanism 
which leads to such an anisotropy we shall for the present leave it an open 
question. The imperfection in polarisation of the modified lines follows then 
as a necessary consequence. If, further, we take these principal axes, as well 
as the corresponding principal Einstein coefficients, to be different for different 
energy transitions of the molecule, the differences in the intensity and the degree 
of polarisation of the different modified lines are also readily explained. That 
for a given frequency shift the polarisation is independent of the inducing line 
is also obvious. The identity in the degree of polarisation of the positive and 
negative lines corresponding to a given frequency shift will then merely be a 
consequence of the equal probability of transitions in the positive and negative 
directions; that is to say, for the same reasons for which, as we pointed out in 
sec. 6, the intensities of the negative and positive lines are in the ratio of the 
number of molecules in a correspondingly higher level of energy, to the number 
in the normal state. 

It is significant in connection with the above explanation that there is no 
modified line in the spectrograms for which the ratio of the intensities of the 
principal polarised components is greater than 50 per cent. Physically 
interpreted, this limiting value of the polarisation signifies that the vibration 
to which the frequency under consideration corresponds, can take place only 
along a definite axis in the molecule, which is a priori not improbable. 
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I 1 remains now to discuss the relation between the polarisation of the 
unmodified radiations and that of the different modified ones. The modified 
radiations are presumably incoherent, i.e., the radiations at any given instant 
from neighbouring molecules have no definite phase relationship, so that the 
polarisation of the modified radiation would be characteristic of the molecule 
and independent of its state of aggregation. On the other hand, the un¬ 
modified radiations from neighbouring molecules are definitely correlated in 
phase, and their polarisation will be characteristic of the molecule only in the 
vapour state. Actual calculation shows the polarisation in the liquid state 
to be considerably smaller. Thus for a fair comparison we should take the 
polarisation of the modified lines as given by the spectrograms with that of 
ordinary classical scattering not in the liquid but in the vapour. The vapour 
values for the ratio of components of classical scattering are benaene 4*5 per 
cent., amyl alcohol, 1*2 per cent., and carbon tetrachloride 0*5 per cent. 

On making the actual comparison we find that most of the modified lines 
are much less polarised than the unmodified ones. If we can take the degree 
of anisotropy of the transitions corresponding to the infra-red frequencies as 
evidenced by the imperfection of polarisation of the corresponding modified 
lines, as being typical of the anisotropy of all other kinds of energy transitions 
of the molecule which determine its refractivity, especially the electronic 
transitions of ultra-violet frequencies, then the smaller polarisation of the modi¬ 
fied lines is easily understandable ; because the anisotropy of the molecule as a 
whole, which determines the polarisation of classical scattering, is merely a 
resultant of the anisotropies of all the individual transitions (suitably weighted) 
of the molecule, and must, therefore, necessarily correspond to a greater spherical 
symmetry. 

9. Dependence on Wave-Length. 

It is well known that the classical scattering falls off rapidly with increasing 
wave-length, following Rayleigh's X” 4 law, and it will, therefore, be of interest 
to find how the intensity of the modified radiations depend on the wave¬ 
length of the exciting line. No quantitative measurements have yet been 
made which would enable us to decide this question. Rut we may draw 
attention here to the spectrogram of carbon tetrachloride scattering, which 
throws some light on the point. Comparing the intensities of the green X 5460 * 7 
line and the ultra-violet X 3906*5 line of the mercury arc, as they appear 
in the spectrum of the scattered light the former line is much brighter, whereas 
comparing the modified lines excited by them, those excited by the green line 
are distinctly feebler than the ones excited by the ultra-violet fine. It would 
von. cxxii.—a. n 



thus appear that the intensity of the modified fine changes with wave-length 
even more rapidly than is indicated by Bayleigh’s inverse fourth-power law. 

This is further confirmed by visual observations on the spectrum of scattered 
light with a direct vision spectroscope. Though as seen through the spectro¬ 
scope the scattered green mercury line is far more intense than the indigo or 
» violet lines, the modified lines excited by the green line could not be detected, 

( whereas those due to the violet and indigo lines are very conspicuous. 

10. Summary. 

In two preliminary papers the authors have shown that when any trans¬ 
parent medium, be it gas, vapour, liquid, amorphous solid or crystal, is irradiated 
by monochromatic fight the radiations scattered by the molecules contain 
several spectral fines of modified frequencies, the difference between the inci¬ 
dent and scattered frequencies corresponding to a characteristic infra-red 
frequency of the molecule. The present paper describes further studies on thole 
radiations. 

(а) Using the X 4368 group of lines of the mercury arc as the exciting radia¬ 
tions, the scattered spectra of bemsene, toluene and carbon tetrachloride 
have been photographed and measured. 

(б) The characteristic infra-red frequencies of the molecules are calculated 
from the frequencies of the modified lines and are compared with the values 
obtained from direct measurements of infra-red absorption. The calculation 
gives several molecular frequencies hitherto unknown. 

(c) The usefulness of light-scattering as a powerful, convenient and accurate 
method of exploring molecular spectra, is pointed out. 

(d) While most of the modified linos are of smaller frequency than the 
exciting line, there are some relatively feeble lines whose frequencies exceed the 
frequency of the exciting fine by an infra-red frequency of the molecule. In 
the appearance of these fines we have for the first time a direct experimental 
proof of induced emmion (or negative absorption) of radiation by molecules. 

(e) The scattered fines are sometimes accompanied by a nebulosity or con¬ 
tinuous spectrum, extending unsyrametrically on the two sides. Its origin is 
discussed. 

(/) The modified radiations scattered at 90° exhibit striking polarisation, 
the degree of polarisation being different for lines corresponding to different ; 
frequency shifts. A tentative explanation is suggested. 

(g) Some preliminary remarks are made regarding the dependence of the 
intensities of the modified lines on the wave-length of the exciting fine. 
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DESCRIPTION OF PLATES. 

Plate 1. 

Fig. I gives the spectrum of the mercury arc from which practically all the lines excepting 
the A 4358 group have been out out by interposing a solution of quinine sulphate and 
a bluo glass plate. 

Fig. 2 is the speotrogram of the radiations shown in fig. 1 when scattered by liquid 
benzene. 

Fig. 3 is a similar spectrogram of the radiations scattered by toluene. 

Fig. 4 is the direct spectrum of the mercury arc which w r aa incident on carbon tetrachloride* 

Fig. 5 being the corresponding scattered spectrum. Note the appearance of relatively feeble 
lines of enhanced frequency. 


Plate 2. 

Fig. 6 . —Bpootrum of the A 4358 group of lines diffused by a plate of ground glass. 

Fig. 7,—Spectrum of the same as scattered by benzene. Note the nebulosity accompanying 
the scattered line, which is not present in fig. 6. 

Fig. 8 shows the same line as scattered by carbon tetrachloride. The nebulosity is not so 
prominent as in benzene. 

Fig. 9 gives the complete spectrum of the mercury arc used for polarisation measurements 
(for comparison with figs. 10 to 12). 

Fig. 10.—Spectrum of the mercury arc scattered by benzene, taken with a nicol in front 
of the slit of the spectrograph. In (a) the shorter axis of the nicol was perpendicular 
to the track, while in ( b ) it was parallel to the track. 

Fig. II shows similarly the polarisation of the scattered radiations from carbon tetra¬ 
chloride. 

Fig. 12 is a similar spectrogram of the radiations scattered by amyl alcohol. Note the 
continuous radiations arc also partly polarised. 
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The Thermionic Emission Constant A. 

By R. H. Fowlek, F.R.S. 

(Received November 20, 1928.) 

§ 1. Summary of Paper, —The main object of this paper is to apply Nord- 
heim's theory of the emission coefficient of electrons from metals so as to 
explain the remarkable relation between the constants A andy of the thermionic 
emission formula, first recorded by 0. W. Richardson and recently reformu¬ 
lated by Du Bridge. This theory regards the emission as due to the passage 
of electrons through simple surface potential steps and double layers, to be 
calculated according to the wave mechanics. We conclude that the theory 
gives a completely satisfactory account of the facts whenever it can be properly 
applied. The necessary conditions for its proper application are formulated. 
Certain apparent discrepancies in absolute magnitude between the observed 
and theoretical values of A are left outstanding and it is necessary to discuss 
possible explanations of these in some detail It is concluded that though their 
precise cause cannot yet be specified they can certainly be explained and their 
existence is in no way antagonistic to the main theory. 

§2. The Experimental Facts .—Much attention has been devoted recently 
to the values of the constant A in the formula for the saturated thermionic 
(electronic) current I, namely, 

I*AW-^ (1) 

where T is the absolute temperature, y the work function and k Boltzmann's 
constant. Particularly interesting measurements of A (and y) have been 
recorded by Du Bridget for platinum when very severely outgassed. Du 
Bridge seems definitely to have established that for really clean platinum 
the photoelectric threshold and the thermionic work function agree at or near 
6*85 volts, and that the corresponding values of A for various specimens range 
from 10,000 to 20,000 amp./cmA 

Du Bridge also observes that the changes of y during the outgassxng process 
are always accompanied by changes of A of such a nature that 

log A = £ + kjx (■*) > 0), (2) 

where 5 and ■») are constants, -q in particular depending on the type of surface 
dealt with. This relationship has also been pointed out before and in fact 
f J)u Bridge, ‘ Phys. Rev,,’ vol. 31, p. 280, and p. 912 (abstract) (1928). 
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examined in sdme detail experimentally by 0. W. Richardson,f who has shown 
that it holds ior a variety of metals and surface contaminations. 

We shall accept these facts as securely established. 

§ 3. j Electronic Theory .—Our present picture of the conduction electrons in 
a metal which we owe to Pauli and Somraerfeld is, of course, still lacking in 
refinement. We picture them as moving freely in a region in which their 
potential energy is negative if their potential energy outside the metal is taken 
as zero. We ignore the space-variations of this potential which must exist 
owing to the atomic structure of the metal. The electrons are very tightly 
packed and must obey the Fermi-Dirac Statistics. They must also have very 
long free-paths—many hundreds of atoms long in a pure metal. This last 
characteristic may almost be regarded rather as an experimental fact (apart 
from all theory) deduced from the nature of the resistance of alloys and metals 
with small admixtures of impurities. We may question this picture (we will 
return to possible objections later), but if we accept it, as I am persuaded we 
must, then we can draw from it perfectly definite rigorous conclusions as to 
the theoretical formula for I. We conclude that 

I = 120D* TV’*'** (3) 

where D* is the mean transmission coefficient of incident electrons (with 
sufficient energy) through the steep potential gradients at the metal surface.^ 
D* is a mean value over all possible electrons, and consequently may depend 
on the temperature. The value of x, the theoretical work function may, of 
course, depend on the temperature. It cannot yet be theoretically calculated. 
The theory tells us unambiguously for what types of surface potential curves 
D* is practically independent of the temperature or violently temperature- 
dependent. It states further that 

A = 120 D* amp./cm. a , 

and from the nature of the case§ 

D*<1, A <120. (4) 

t (1) Richardson, ‘Roy. Soo. Proc.,’ A, vol. 91, p. 524 (1915); (2) Richardson and 
Young, ibid., voL 107, p. 877 (1925); Young, ibid., vol. 104, p. 011 (1923). 

{Fowler, ‘Roy. Soo. Proo.,’ A, vol. 117, p. 549 (1927); Nordheim (1) ‘2. Physik,’ 
vol. 40, p. 888 (1928) and (2) ‘ Roy. Soo. Proo./ A, vol. 121, p. 020 (1928); Fowler and 
Nordheim, * Roy. Soo. Proo.,’ A, vol. 119, p. 178 (1928), 
g The theoretical maximum for A has previously been given as 00 by many authors. 
This is altered to 120 by including the electron’s spin. 
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Provided the work functions have been properly identified there iB thus 
sometimes a grave discrepancy between the observed and calculated 
values of A. 

In attempting to remove this discrepancy one’s first instinct is to question 
the existing electronic theory, but I do not think that, so far as conoems the 
formula (3), its position can now be shaken. The conception of a Fermi- 
Dirac gas of “ free ” electrons, thanks’ to work by Blochf, now in course of 
publication, undoubtedly leads to such a satisfactory understanding of electrical 
conduction that it must be accepted as a sound first approximation. The free 
paths of the electrons inside a pure metal must be long, so that the number of 
electrons incident on unit area of the surface in unit time can hardly be in 
doubt and not more than all such incident electrons (with sufficient energy) 
can escape. This is all that is required to give the inequality (4). Anyone 
who is still sceptical must remember too that the formula (3) and inequality 
(4) are equally necessary consequences of any form of electronic lattice theoryj 
in which the metallic electrons can be in equilibrium with the external vapour 
of electrons. One cannot escape from (4) merely by denying the accepted 
picture of a metal. This is because one can derive the formula from the 
properties of the vapour phase and the general laws of statistical equilibrium, 
which are not necessarily affected by the details of the picture of the metal 
adopted. 

§ 4. Theories of A .—Apart from such denials of the whole theory, there are 
certainly three not impossible ways in whioh we may avoid the discrepancy 
between the theoretical values of A and those shown in certain experiments:— 

(i) We may assert that the surface conditions are such that D* varies strongly 

with the temperature so that part of it is included by the Experimental¬ 
ist’s analysis in e~* lkT . The derived A and x are then not comparable 
with the emission coefficient and the work function. 

(ii) We may follow Schofctky§ in asserting that x depends on the temperature 
and really has the form 

X — Xo ~ «*T. 

The usual analysis then throws an extra factor e* into A, 

(iii) We may assert that the observed areas of emission are wrong. 

f Bloch, * Z. Phyaik f (in course of publication), 

X The electronic lattice must have a specific heat contribution whioh is practically zero, 
but we know that this must be so. 

| Schottky and Rothe, 1 Handbuch der Experiment alphysik, 1 vol, XIII,, p, 60. The 
most significant observations seem to be those of Zwikker on hafnium. 
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These theories we will discuss somewhat further at the end of this paper. 
It is sufficient to note them here and to conclude that the apparent discrepancies 
of absolute value are not necessarily insuperable or fatal to the main theory. 
The main purpose of this note is to Bhow that assuming the absolute values of 
A can be accounted for, the rest of the existing theory of thermionic emission 
is extremely satisfactory on account of the beautiful explanation which it 
gives of the general form of the relation (2). 

Nordheim ( be. cit. (1)) has given the theory of the emission coefficient 
D (W) for electrons of kinetic energy W in their motion normal to the surface 
incident on boundary discontinuities of potential. His formula for D (W) for 
the boundary potential curve shown in fig. 1 contains an algebraical slip. It 


u 



Fio. 1. 


♦ 


c 


x 


may prove of some importance to correct this, for it makes D (W) vanish for 
W — B whereas really D (W) increases steadily with W from zero at W — C 
up to and through the value W = B. It will also be worth while to discuss 
the consequences of his formula (corrected) in greater detail than he did owing 
to Du Bridge’s new material which is now available. 

The wave-equation for the motion normal to the boundary is 



¥ = 0 , 


which is of course satisfied by 
where 




g + «.<W-OH-0 («*=2g=). 


In regions of constant U we take as the general solution 

¥ = [ad* * +a'e~ u < w -v>‘ *] - U)», 







40 


R H. Fowler. 


and if particles or waves are travelling only to the right 


'F — exp {Ik (W — IT) 4 x — imWtjft). 


The value of \a' 2 gives, as Nordheim has shown, a measure of the number of 
electrons in the stream crossing unit area in unit time, and the ratio of |o|* 
for the emergent to a'. 2 for the incident beam the value of the emission 
coefficient D (W). If we now work out 1) (W) for the U of fig. 1, we find 


I) (W) — 0 (W<C), (5) 

_ 8{W - C)/W}i _ 

W~C\‘l 2 |/B—W\* /W-C\*) 2 

W j ” l\ W J “' B-W / J 
(C < w < B), (6) 


| SfzW) cosh ( r - w >‘ 0+ {i + ( 


D[(W) = 


1 

1 

£ 

00 

||^c°s{2,( w -B ) U}+ | 

/W-Cf ) 2 f 
l ,+( . w 1 f 1 1 

(W-B) 

v w I 

i 

l+l 

[W-W 
'W— B/ J 


(B <W). (7) 


This is Nordheim’s result, with the slip corrected. The general nature of 
I) (W) as'a function of (W) is shown in fig. 2. It will be observed on expanding 



the cosh'or cos in (6) and (7) that D (W) is given in both regions by the same 
uniform analytic function of W, without pole or zero at W = B. In fact 


D(W) 


8{(W-C)/W}* 


»fl I , B (B-C) g {4 kS»(B-W)V 

\ + \ w // + w(B-W)*r, 2ji 


(W> C). 
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Nordheim’s discussion suggests further that if the potential gradients at the 
sides of the hump are still steep but the top is not flat, the term 

kI (B - W)* 

can probably be replaced with reasonable accuracy bv 

k f'(U- W)*rfx, 

Jo 

at least when it is large. The square-shouldered hump of fig. 1 cannot, of 
course, really represent the boundary potential energy step, which must fall 
somehow from B to C in a short distance l, and include the image effect. 

When we know D (W) we can at once deduce D* with sufficient accuracy 
from the equation, given by Nordheim 

D*= fD(C + JT*) «-■*!. (8) 

Jo 

More than one type of behaviour of D* is now possible, depending on the 
relative sizes of o/*a’ an( j e - 2 «j(n-c) J j' or values of W greater than 
or equal to B, D (W) can be assumed without serious error to be of order unity. 
The contributions to D* from this region of the integral are therefore of order 
e -<B-e)/*T Wlipn W sas C -f- e, e small, we have with sufficient accuracy 

D ( W ) -r- 16 W* (B-n* 

v ' B 

and this is the order of these contributions to the integral. It is obviously 
only when these contributions are dominant that we can hope to get a D* 
which does not depend seriously on the temperature. We then find more 
exaotly from (8) 

D * = s y- 16 - [ a ’ L) l>T3 (C+lfcTa;)}* (B - C - kTx) * 

B (B — C) Jo 

+ O (8') 

This approximation to D (W) is only valid because the contributions to the 
integral near W = B are trivial, for in this region the approximation itself 
fails. Approximation to the integral can be made in the obvious way and we 
obtain the result that if 

^-(B-O/tT ^ e —(9) 

D* ^ 8V* 

B 


( 10 ) 
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This temperature dependence is trivial. If the observed thermionic emission 
can be fitted to a formula with a constant A and a x equal to the true photo¬ 
electric threshold, the theory requires therefore that (9) shall hold and that 
D* shall be given by (10), or some similar formula modified to take account of 
the variation of the potential through the hump. When B = C the value of 
D* given by Nordheim loc. tit, (1) is 2 (itifcT/C)*. The value given by the 
asymptotic formula (10) is then four times too large, but actually such a value 
is close to the true value when the image field is allowed for.f For the quali¬ 
tative discussion which alone is possible we may use (10) as an exact formula. 
It leads to 

log A = 5 — 2* (B — C)* l, (11) 

or more generally 

log A = l — 2k f (U — C) 5 dx. (12) 

Jo 

Since B — C is the decrease in x due to the surface layer we may write (2) in 
the form 

log A — £ — 7] (B — C). (13) 

It is fair to claim therefore that (11) or (12) give a completely satisfactory 
account of the observed (13). Experimental determinations of A are neces¬ 
sarily rough, and a variation of log A with some power of x other than unity 
(but close to it) are not excluded. Moreover (11) or (12) will certainly vary 
with x more rapidly than the power for the thickness l of the double layer 
must increase with the change in x- Turning to numerical values, Du Bridge 
gives exact figures only for platinum, and even there it is not dear that his 
figures all refer to the same specimen. But a fair representation of his results 
for platinum treated in his manner is the equation 

log, 0 A = 4*11 — 1*8 (Ax in volts). 

The condition (9) is satisfied, for, when Ax = l 

c -2«{(B-c)l _ 10-i.s e ~ < b -c)/ct s 10" 8,8 . 

On comparing this with (11) the variable term agrees if, for Ax = 1, we have 
= 10~ 7 cm.—that is a rather thick surface layer, but the value is entirely 
reasonable. Du Bridge points out that the coefficient of Ax varies fairly 
widely for different surfaces, being rather small for coated tungsten surfaces 
and large for liquids. These variations are naturally covered by the theory, 
the double layer for a given Ax being thin for tungsten and thiok for the 

f Nordheim, loc. dt, (2). 
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liquids studied. The effect of surface layers on tungsten has already been 
explained in this way by Nordheim, who showed that for tungsten they were 
monomolecular, but when his paper was written the importance of formula 
(13) was not realised. Similar relationships for platinum and tungsten con¬ 
taminated with gas films were given by Richardson (he. cit. (1)), but we shall 
be content to analyse numerically only the more recent results. A similar 
relationship has been found for potassium contaminated with hydrogen or 
water vapour (Richardson, loc, cit , (2)) to which we devote § 6. Apart from 
the absolute value of A in certain cases it therefore seems fair to conclude 
that the theory .gives a most satisfying account of the whole range of thermionic 
emissions by clean surfaces, or surfaces so contaminated that the true work 
function is diminished. Before claiming that any particular data should be 
covered by the theory it must be shown that the emission is properly expressible 
in the standard form (1) over a wide temperature range, and that the work 
function and the photoelectric threshold agree. The explanation of the 
variations of A with surface film offered by the wave-mechanics is of exactly 
the same nature as the beautiful explanation of the Geiger-Nuttall law of 
ot-ray radioactive disintegrations worked out by Gamow.f 
§ 5. Further Discussion of the Theories of A .—(i) Abnormal values of A and 
X will certainly be found if D* varies strongly with the temperature. We have 
shown that condition (9) must be satisfied before a temperature-independent 
D* can be obtained. In the opposite extreme when 

e -(B-C)/*T^ (14 ) 

so that the potential hump is wide and correspondingly powerful, we find 
easily that D* behaves like 

A / e -<*-<;>/« 

The metal will then really emit electrons very much as if it had an apparent 
work function x -f B — C instead of the true x- Thermionic analysis would 
present it with the large x and a normal D* instead of with the true x and a 
very small temperature-dependent D*. Theoretically the true x could still 
be determined photoelectrically; it is, however, doubtful if suoh a distinction 
could actually be established, for in the conditions contemplated the valuee 
of D (W) for values of W less than B are extremely small. The number of 
photoeleotrons per given number of incident quanta is at beet extremely 
small near the threshold, and if this number is still further cut down by the 
factor D (W) the photoelectric current in this region might well be undetected, 
t Gamow, ‘ Z. Phy«ik,’ vol. 61, p. 204 (1928). 
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and the apparent threshold agree with ^ + B - C. The point to be 
remembered is that even if the photoelectric threshold is measured and agrees 
with the apparent work function, it is not necessarily true that the genuine 
work function has then been determined. Such difficulties, however, are not 
to be expected for surfaces which axe clean or contaminated with simple 
fairly thin double layers. If, however, the threshold and the work function 
do not agree closely in any experiment, the results of that experiment certainly 
cannot be used in the usual simple study of the emission coefficient based on 
equation (1). 

Between the two extremes first noted there is room for a large variety of 
behaviour in D*, even as given by the simplified equation (8'). It may be 
(see § 0) that this behaviour can account for emissions observed from more 
complicated surface layers, especially such as do not allow of a good repre¬ 
sentation by means of equation (1) with A and x constant. Such an explana¬ 
tion, however, is not admissible for Du Bridge’s results for clean platinum, for 
which A and x are g°°d constants, the surface conditions as simple as possible, 
and the work function and threshold in close agreement. It is further not 
possible to explain Kingdon’sf results for oxygen films on tungsten in this 
way. Kingdon obtains an emission which can be represented by formula (1) 
with A s= 6 x 10 11 , x = 9'2 volts. Before contamination with oxygen the 
tungsten was clean and normal, with A » 60, y s 4*5. It is impossible to 
believe here that y 18 a true work function and A an emission coefficient. It 
is much more likely that a great part of the whole new factor 10 lo e"" 4 ‘ 7/A!T 
introduced by the oxygen is really a temperature-dependent emission coefficient, 
representable in this form over a short temperature range. I have found, 
however, that it is impossible to make equation (8') for D* simulate any such 
formula with constant values of l and B — C. On the other hand it can easily 
reproduce such a variation if l and (or) B — C ate temperature-dependent. 
Such assumptions, however, are of much the same nature as Schottky’s that 
y itself is temperature-dependent an4 will not be pursued further. The variety 
of possible uncontrollable hypotheses (if such assumptions are admitted) 
becomes too large for profitable discussion. It is right to observe, however, 
that Kingdon had to take his measurements while a continual supply of 
oxygen was maintained—otherwise the oxygen film would not remain com¬ 
plete. This means that at the high temperatures of the observations there is 
a considerable rate of escape of the oxygen from the layer, which rate will 
necessarily vary rapidly with the temperature. The properties of the surface 
f Kingdon, 1 Phys. Rev.,’ vol. 24, p. 510 (1024). 
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layer are therefore certainly temperature-dependent in this experiment and the 
results are not significant for any theory of emission through given surface 
double layers. The same dependence of the surface layer itself on the tempera¬ 
ture may well have obtained in those of the experiments of Richardson and 
Young in which their emission formula} depended sensibly on the gas pressure* 
(ii) Schottky’s suggestion that x = Xo — i g put forward apparently to 
account for all departures of A from its normal value. In view of the natural 
explanation which we have found in §4 for the variation of A with x for a given 
metal with a changing contamination the suggestion should probably not 
be accepted so widely. If X — Xo and a is to account for the con¬ 

current variations in log A and then changes in a must be proportional to 
changes in Xo- There is no obvious satisfying reason for such a correlation. 
The existence of the term — oc£T is, however, a possible explanation of the 
absolute values of A found by Du Bridge for clean and contaminated platinum. 
This explanation is not ruled out by the agreement of the apparent work 
function Xo and the photoelectric threshold, for Xo 1S the true work function at 
low temperatures at which the photoelectric effect is usually measured. In 
Du Bridge’s experiments with platinum an extra factor of 120 in A will appear 
if a = 4-79. The theoretical threshold at room temperatures (300° K.) will 
then only differ from x 0 by 0-12 volts, a not impossible divergence. 

As we have already noted, this temperature term in x is by no means un¬ 
acceptable as an explanation or partial explanation of the emission from 
disintegrating films such as oxygen on tungsten in Kingdon’s experiments. 
It is less agreeable that it should be required for a simple surface of clean 
platinum, and it is desirable to try to locate its origin. If we accept Sommer- 
feld’s picture of a metal, or any picture of that nature, the work function x 
appears aaf 

X « X' - ** 


where %' i* the potential step at the boundary, and e* a modification of the 
thermodynamic partial potential of the electrons. It is true that e* must 
depend on the temperature. According to Sommerfeld’s theory e* has 
approximately the value 


8m\n! I2A»\S hi * 


t See for example, Fowler, * Roy. Soo. Proc.,’ A, vol. 117, p. 549, and vol. 118, p. 229 
(1928), The weight g of a free “ electron ” there retained has here been given its value 2. 
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In this formula n is the density of the free electrons in the met&L The second 
term in e* is the value according to this theory of 



where <r is the specific heat of electricity per electron. We see at once that 
e*/AT gives theoretically a term of the wrong sign to give an increased value of 
A. It is also far too small. To account for Du Bridge’s factor of 120 for 
platinum we want a factor e*' s and therefore a term — 4-SAT in x- If we 
calculate the extra term in e* for T = 2000° K., n — 10 22 (extremely favourable 
values) we find only 0-08AT. If we recall that observed specific heatB of 
electricity at ordinary temperatures may be as much as ten times larger 
than those of Sommerfeld’s theory we are still five times too small. If we 
take the observed value of the specific heat of electricity for platinum which 
is negative and constant at 9 X 10 2 erg per electromagnetic C.G.S. unit from 
—50° C. to +100° C. and assume that it continues to have this value from 
2° K. to 2000° K. we again can only achieve a term —0-7AT in x- We there¬ 
fore cannot assign the origin of Schottky’s term to the specific heat of 
electricity extrapolated without serious change from ordinary temperatures, 
or in short, to e*, so long as the number of free electrons 'per atom is constant. 

There remain two possibilities, a variation (diminution) of the potential 
step x a * higher temperatures or an increase in the number of free electrons 
per atom. The order of magnitude of the effect in platinum must be a change 
of 0-70 volt at 1700° K., produced either by a diminution of yf, a “ loosening ” 
of the lattice, or by an increase in the first term in e*, or by a combination of 
the two. The necessary change represents a change of about 5 per cent, in 
X , or of 10 per cent, in n. These are not impossible. If the change actually 
occurs mainly in n at high temperatures, which seems the more likely, it would 
have a direct effect on the specific heat of electricity. If observations of this 
at high temperatures were possible we might obtain an independent control 
of these hypotheses. At present no control is possible since we have no theory 
on which to compute the changes of either /' or n. 

It should be observed that, while changes in these directions in x! *ncl n 
are reasonable and so may be able to account for the observed excessive values 
of A, changes in the opposite directions (increase of x' or decrease in n at higher 
temperatures) are most unlikely so that an explanation in this manner of sub¬ 
normal values of A oannot be accepted. 

(iii) The attractive feature in the third suggestion, that the observed areas 
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are wrong, is provided by the work of Bowdeirand Ridealf on the overpotential 
of the hydrogen electrode. It must be admitted that it is most unlikely that 
the effective emitting area of Du Bridge’s platinum was really 120 times its 
apparent area, but none the less the work of Bowden and Rideal merits close 
attention in the interpretation of thermionic experiments. We cannot discuss 
their evidence here, but they appear to have shown conclusively that silver 
may have a true surface (as measured by the hydrogen required to establish 
a double layer of given strength) 50 times its apparent surface, nickel 45 times 
and platinised platinum up to 1800 times. In their experiments smooth 
platinum foil, not heat treated, had an area only twice its apparent area. They 
showed also that the true surface of nickel could be increased five times by 
activation (alternate oxidation and reduction in an electric furnace) without 
change of its appearance under a microscope except a slight loss of brightness. 

In Du Bridge’s experiments the platinum was violently outgassed. It is 
necessary to dislodge the contamination (probably hydrogen) in a thickish 
surface layer, and this treatment inevitably tears up the metal surface. In view 
of Bowden and Ridcal’s results and the known power of platinum to form a 
metal sponge it is not unlikely that the true surface of the platinum emitter 
is very many times its apparent surface. One might even venture to attribute 
the whole extra factor in A to this effect if it were not that the greater part of 
such excessive areas must lie in deep cuttings or almost perfect enclosures 
into which the applied field which produces an apparently saturated current 
will not penetrate. Owing to this lack of penetration large factors cannot be 
obtained in this way, but it is likely that much of the variation in A from 
specimen to specimen is due to this cause. Variations of this nature in the 
true emitting area probably occur for all metals, especially soft ones. 

§ 6. Richardson's results for potassium .—The similar relation between A 
and x observed by Richardson^ for clean (or fairly clean) and “ sensitised ” 
potassium surfaces takes the form 

logioA = 12*4/ — 15-4, 

(A in amperes /cm. 2 and x i& electron volts). One value of A is recorded in his 
figure somewhat greater than 120, but all the rest lie below as we should 
expect. We assume iu the discussion that follows that the currents observed 
are all genuine thermionic currents in spite of their surprisingly low work 

t Bowden and Bideal, * Roy. Soc. Proc,, 1 A, voL 120, pp. 59, 80 (1928). 

X Richardson, loc. cit. (2), p. 893, fig. 6. I am greatly indebted to Prof. Richardson for 
information about these experiments. 
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function. The coefficient of Ax is large. If the effect is due to a double layer 
the normal work function for clean potassium should be 1 *41 volts, and the 
double layer required to reduce the work function by 1 volt must be about 
7 X 10" ' cm. thick. This is not entirely impossible. 

An interesting feature of Richardson’s results is the occurrence of emissions 
which do not satisfy equation (1) with constant A and y . His results on the 
other hand often seem to approximate to such a formula with very small A 
and x at low temperatures (30° C.) and the same formula with larger A and x 
at higher temperatures (200° C.). This is explained by Richardson on a theory 
of patches with two thresholds. This theory of patches also accounts for the 
abnormal difficulty in getting saturation in the thermionic current at low 
temperatures. The photoelectric threshold has been observed for the same 
specimens in the same condition and is always greater than the greater value 
of the apparent work function. 

It is interesting to compare with these observations what the theory gives us 
according to equation (8') bearing in mind condition (9). For a reduction in 
X of 1 volt 

e -i!«J<n-C)* _ 10-12-4. 

For a temperature of 300° K. 

c)/*t = io~ !«•<!, 

For a temperature of 470° K. 

e - (B-C)/*T __ ,0-10.7. 

In the neighbourhood therefore of 300° K. condition (9) is satisfied. We 
should obtain a normal emission satisfying (1) with the true value of x for 
this surface condition and a very small value of A. In the neighbourhood of 
470° K. condition (14) is satisfied (or almost satisfied—it would be properly 
satisfied at somewhat higher temperatures), and we should just be reaching a 
condition in which the emission again fits the equation (1) with a normal 
value of A and a value of x too large by B — C. In the intermediate region 
we get a steady change over from one type of emission to the other. This is 
almost exactly what Richardson observes, except perhaps that his curves 
straighten out before A has quite reached its normal value and when x + B — 0 
is still somewhat less than the x for a clean surface, a detail whioh must not 
be over emphasised at this stage. 

According to this theory, as well as Richardson’s patch theory, the photo¬ 
electric threshold which will be recorded depends essentially on the nature of 
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the experiments, especially on the sensitivity of the current measurements. 
The fact that the recorded thresholds are higher even than the higher value of 
the apparent work function may merely mean that the emission at frequencies 
below a threshold comparable with the work function for a really clean surface 
is too weak to be recorded. 

There is thus a noteworthy agreement between the theory of this paper and 
the observed form of the emission observed by Richardson for potassium—a 
form which, can therefore be accounted for without the patch theory. This 
must not be taken to imply that the surface is not patchy. The saturation 
phenomena seem still to require the patch theory, and the existence of patches 
with different surface layers is extremely probable. They may not, however, 
play the part which Richardson assigns to them. The phenomena are very 
complicated and now that the theory lias been somewhat further developed a 
re-examination may well In' desirable. 


Tribo-Electricity and Friction . IV. — Electricity due to Air-Blown 

Particles. 

Bv Prof. P. E. Shaw, M.A., D.Sc., University College, Nottingham. 

(Communicated by Sir William Hardy, F.K.S.—Received August 1, 1928.) 

Electric charges due to mutual impact of dust or other particles arise in 
various ways: (a) electric dust- or sand-storms in the Tropics ; (b) electric 
snow storms in the Antarctic ; (e) electric flashes seen in the ejectamenta from 
volcanoes; and (d) electric charges, and possibly sparking, brought about by 
the raising of organic powders in certain industrial processes. 

In this group of effects, charges are produced by the impact of a multitude 
of Uke particles. Now, frictional- and impact-charges have ever been regarded 
as resulting from the shock of two unlike substances. Until recently there 
was no principle by which charges from “ like ” substances could be inter¬ 
preted ; but experiments made by the writer* throw light on the subject 
by showing that identical solid surfaces can charge one another by friction or 
impact, and, further, that this property of the surfaces changes as rubbing 
continues. It was there shown that such organic insulators as ebonite and 

* * Nature, 1 vol. 118, p. 659 (1926); 4 Proc. Phyn. 8oc.,' vol. 39, p. 449 (1927). 

von, exxn*— a. “ 
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celluloid yield considerable chargee, whereas hard inorganic materials such as 
quartz, calcite and glass, produce smaller effects. When the “ like ” solids 
meet in violent impact, not rubbing, the combined net charge is not nil, as 
might be expected according to Faraday's law of equal and opposite frictional 
charges, but finite, generally negative ; so that the air surrounding the surfaces 
must attain an equal positive charge. 

These results, which are extended by the present experiments, suggest a key 
to the group of effects mentioned at the head of this article. 

Laboratory experiments to investigate the effect of flying powders have been 
made by W. A. D. Rudge and later by G. B. Deodhar* by blowing powders 
out of a chamber and observing the charges on the effluent qualitatively. They 
have shown that, after clashing, some powders have a net negative, others 
net positive, charge ; also that the totaf charge, which is extraordinarily 
large when fine powder is used, varies inversely as the size of powder used. 

It is now desired to go further and ascertain quantitatively the amount of 
charge on the particles ; whether they are all charged positive or all negative ; 
and the nature and amount of charge given to the air which blows them about. 

Apparatus . 

The apparatus now used is designed to eliminate from the experiment all 
but one, or at most two, specified materials, so as to imitate the natural 
phenomena, where the surfaces brought into contact are (t like ** surfaces. 
The particles used are metal filings, or sand, or ice. 

Fig. 1 is a side elevation. A is a copper cylinder, about 20 cm. diameter 



* Rudge, 1 Roy. Soo. Proo.,’ A, voi. 90, pp. 256, 571 (1914); Deodhar, 1 Proc. Phya. 
Soo./vol. 30, p.243 (1927). 
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and 40 cm. long, open at each end and having a hole H in the middle of the 
length through which the particles are blown. B is a metal plate which can 
be brought under A to close its lower end. C is a copper tube about 3 cm. 
diameter and 60 cm. long. 

A conical hopper P of copper sheet delivers the filings used into the air stream 
from tho motor blower L, which gives a steady hot or cold blast of air. Hopper 
and blower are screened from the rest of the apparatus by an earthed metal 
sheet. The filings are measured into a small metal cup, the filler. This is 
emptied into the hoppe^. 

The electroscope used is of the Hankel type and the parallel field plates are 
charged to -f-60 volts and -—60 volts. The gold leaf of the electroscope is 
joined, not to an inductor as in Papers I, II, III of this scries,* but directly 
to the vessels A and/oi C, which receive charges due to the impact of filings 
on them, and which are surrounded by earthed screens in the normal way. 
Tho leaf and field plates are adjusted till the sensitiveness is such that 1 volt 
on the leaf gives 1 division deflection, right or left respectively, on the eyepiece 
scale of the reading microscope. 


Experiments. 

These consist of six parts ;— 

(a) Filings leaving the hopper may become charged by it. To test this 
point, remove A, B and C and the blower. Take a volume u of filings 
and allow them to fall into the hopper and from it to an insulated plate 
joined to the electroscope. This volume of filings is used in all subsequent 
work. Read the resulting potential i/. Then allow the same volume of 
filings to fall direct from the filler to the insulated plate. If the potential 
is now y", the effect due to the hopper is 

» v' - v". 

Calling the oapacity of the plate and electroscope C„ the charge on the 
filings leaving the hopper is 

q' — %. c*. 

This charge is given to the filings in subsequent work and must be 
deducted to give us the true charges due to impact, q' is only -f0-02 
E.S.U. for Cu and Zn filings, and +0>01 for Fe and Brass filings. 

* * Roy. Soo. Proo.,' A, vol. Ill, p. 339 (1927) and vol. 118, pp. 97,108 (1928). 

E 2 
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(b) B and C being still removed, place the blower about 1 inch from the hole 

H in A and interpose the lower end of the hopper in the gap thus pro¬ 
vided. A volume u of filings is fed into the hopper and these in falling 
from it are caught by the air stream from the blower and projected 
across A to strike its wall on the far side. A becomes charged by the 
impact and the filings, also charged, fall on an earthed plate placed 
below and beyond A and there give up their charge. The electroscope 
shows the potential of A. Call it tv If the capacity of A and electro¬ 
scope be C A , the charge on A is 

Pi — V, • C A — q'. 

(c) Replace B in contact with A and repeat the above operation. The 
potential of A and B (v c ) is due to the algebraic sum of the charge fi 
on A and q 1 on the filings, all due to the filings striking A, together with 
charges, if any, arising when the filings fall on B. 

(d) To find these charges arising when the filings fall on B, allow filings to 
fall on an insulated plate, the air blast being cut off. If the potential 
of the plate is v d and the corresponding capacity C t , and if the plate 
receive charge p" and the filings charge q" due to the impact 

V " + q" - . C, - 

Trial shows that the impact in this case is so slight that the charge 
(p" f- q") is negligibly small and may be ignored in the full equation 
for (c) above: 

(Vi + ?i) + ( p " + q") — % . Cab — q’ 

where Cab is the capacity of A and B and the electroscope. To return 
to the charges p t and q v These are always of opposite sign but, in 
general, are unequal in amount. It follows that a charge equal and 
opposite to the sum (p 1 + q t ) is given to the air, since 

Pi +' 2i + H — 0. 

The air charge r i is carried out of the system by the air blast and is 
lost. 

The above four experiments provide us with values of p y q v r y 

(e) Keeping A and B in contact, place the left end of C flush with the hole 

H in A, and set the blower at the right end of C with a space for the 
hopper as in fig. 1. Join A, B and C to the eleotroscope. Carry out 
the experiment with filings as before. They are driven along inside 
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C. There are two causes, other than mere chance, which tend to bring 
the filings into contact with the tube. First, the air entering a wide 
tube like C will have, not a stream-line, but a very turbulent motion, 
and the various particles will in turn be thrown against the tube. 
Second, as already shown, the filings enter the tube charged so that, by 
mutual repulsion, they tend to move outwards from the axis to the 
wall of the tube. As a result of the many impacts caused both tube 
and filings attain charges. Let them be and q 2 respectively. 

On leaving C the filings strike the far side of A and fresh charges 
Pv ori A and filings arise as in (c) above. Finally the filings fall on 
B. Thus if the potential of the system A, B and C is now v n and the 
capacity Cam;, the total charge is 

(Vi + ?z) + (Pi + ?i) ~ t>,. c.wie — 

(/) Lastly, remove A and B, and place an earthed metal plate to receive the 
filings which fall after leaving C. If the potential of C he v, and 
capacity C c its charge is 

Pi = v, . C c — q'. 

If r 2 is the air charge caused by impact in the tube and carried away by 
the blast, we have, 

Pi + ?2 + - °- 

The equations of the last two sections yield the values of p 2 , q t , r 2 , 
since we already know (p y + q y ). 

The supposition made above is that every contact, whether gentle or violent, 
between two solid bodies gives rise to charges on each of them and on the air 
in contact with them. We have assumed this effect as above in four distinct 
ways ; first, when filings pass through a metal hopper; second, when they 
brush through a tube at great speed ; third, when they meet a metal plate at 
speed; and, lastly, in falling freely, under gravity, a small distance on to a 
metal plate. In all cases the oharges are measurable, though in the last one 
the charges on filings and plate can bo ignored since they enter the equations 
together and are equal and opposite. 

Potential in volts is the actual quantity measured in each case. Then, by 
comparing the capacity of each part of the apparatus with a standard of 10 cm., 
the charges are found in E.S.U., as usual, by multiplying potential by capacity 
and dividing by 800. 
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Table of Results. 




fl- 


Pv 

?s* 

.... * 

Cu/Cu . 

+0*04 

-0*17 

+0-13 

4-0*09 

-0*15 

+ 0*06 

Fe/Cu . 

+0*03 

—0*07 

+0-04 

+006 

-0*02 

-0*03 

Brass/Cu. 

-0*15 

+0*21 

-0*06 

— 0*07 

+0*06 

+0*01 

Zn/Cu . 

-0*27 

+0 ■ 36 

-0*09 

-0*27 

+ 0*27 

0 

Cu/Zn . 

+ 0*98 

-1-06 

+008 

+0*79 

-0*80 

+0*01 

Fe/Zn . 

+0-80 

-0*78 

-0*02 

+ 0*83 

-0*79 

-0*04 

Brass/Zn. 

+0-42 

-0*37 

-0*05 

+0*38 

-0*37 

-0*01 

Zn/Zn .I 

+0 14 

+0*05 

-0*19 

+013 

+0*01 

-0*14 

Brass/Brass. 

-0 05 

+0*04 

+0*01 

+0*01 

-0*01 

0 

Band/Sand (cold blast) 

+2-22 

— 1*98 

-0*24 

+4*11 

—4*02 

i 

| -0*09 

Sand/Sand (hot blast) 

1 

+5-19 j 

-8*67 

4-3*48 

+9*39 

— 8*61 

! 

© 

OC 


The charges p, q, r in E.S.U., arise on vessel, particles and air, respectively. 
In the first column, the first material denotes the particles, and the second the 
sheet material, used. The particles are of size to pass easily through gauze 
of 0-35 mm. mesh. The volume of one charge of particles is 0-15 c.c. Speed 
of blast is 64 mis./hr. 

It is to be noticed that the whole apparatus is lined with one material only ; 
in the first four lines, with copper ; in the second four, with zinc ; in the ninth 
line with brass and in the last lines with sand-paper. 

We observe in the first eight lines certain systematic relations between the 
results:— 

(1) Values of p l and p 2 decrease progressively positive to negative from Cu 
to Zn. This applies whether the system be Cu or Zn. 

(2) Values of q 1 and q 2 increase in similar manner. Fig. 2 shows these 
relations for p x and q v 

(3) Values of r x and r 2 decrease in a similar way; in two cases only in the 
last column there is a slight departure (within the range of experi¬ 
mental error) from regular progression. 

(4) The air charges, r v r 2 , are in general much smaller than those on the 
solid particles and surfaces. Noteworthy exceptions to this rule are 
seen when like metals, Cu/Cu and Zn/Zn, clash. 

The regularity of these progressions proves the dependability of the present 
method. It might be considered strange that charges should be observed 
between metals in the present impact method, seeing that charges are never 
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found in the usual tribo-elecfcric or impact experiments between two metals. 
There are, however, in this method certain conditions favourable to the 
demonstration of charges, as follows : (a) Small particles have large area, and 
therefore capacity relative to their mass, but the contact potential between 
the two metals is constant, so the quantity of electricity arising is large for a 
given mass. When a large number of particles are used, as here, the total 
accumulated charge is relatively large. (6) With the great speeds used, the 
duration of contact is short, and recombination of charges when the surfaces 
separate is reduced accordingly, (c) The electroscope is more sensitive than 
is usual in tribo-electric experiments. 

Recent research already quoted shows that identical insulators can charge 
one another. In the present experiments we see how identical metals Cu/Cu, 
Zn/Zn, Brass/Brass behave in the same way, an even more remarkable effect 
than for insulators. 

c. 



FiO. 2. 


In the table above are two sets of results for Sand/Sand. The hopper and 
the whole inside of the apparatus are lined with fine sandpaper. Here, as in 
a desert Band-storm, we have no materials operating but sand and air, moving 
at speed over a sand-strewn ground ; and where, as in the second oase, the 
air blast and all sand surfaces are hot we closely approximate to the conditions 
in a Sirocco. The charges obtained with sand are larger than with metals. 
This is to be expected, especially at the higher temperature, as insulation is 
better. The charge found on the sand after merely passing through the 
hopper was found to be —-0*2 K.S.U. 
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Variations. 

The effect of ohanging various conditions was tried :— 

(a) Cleanliness .—Filings should be made, and all inferior surfaces cleaned, 
just before use; old filings yield as much as 30 per cent, less charge 
than new ones. No doubt with lapse of time the clean surfaces attain 
films of oxide and adsorbed vapours from the air. A similar time- 
effect on friction has been shown. (‘ Roy. Soc. Proc.,’ A, vol. 118, pp. 
348 and 349 (1928)). 

(b) When temperature of the blast changes from 18° to 58°, the. charges were 
doubled in the only cases tried, Copper/Brass, Sand/Sand. The air 
charges r„ r e , in the latter case increased ten-fold, as the table shows. 

(c) Reducing the speed of the blast from the normal 54 mls./hr. is found to 
reduce the charges. As in all tribo-electric experiments rapidity in 
moving the clashing surfaces makes for large charges. In the case of a 
hot sand blast the charges are reduced 15 per cent, by reducing speed 
from 54 to 28 miles an hour. At speeds less than the latter, the filings 
begin to “ silt ” in the tube. 

(d) If the air blast be directed not, as usual, along the axis of tube C but 
obliquely against its wall, the charges are found to increase about 20 
per cent. 

These facts show the necessity of stating the conditions as regards these 
four factors, if results are to be of standard value. 

In addition to experiments on metals and sand, investigations were made on 
ice ; but it is a difficult material to use. The electric snow storms recorded 
by Dr. 0. C. Simpson in Antarctica are found when snow at very low tempera¬ 
ture, say, —50° C., is blown at high speed, say, 60 mls./hr. over a snow field. 
These conditions can be attained in laboratory experiments, but the low 
temperature cannot easily be maintained for long. I formed ice on a tube of 
paper by dipping it alternately in water and liquid air. The ice particles are 
formed by grinding, in a cold mortar, lumps of ice which have been immersed 
in liquid air for a period. Provided the particles and tube are not kept long 
in the air after being at —180° C. their temperature will be at some low tem¬ 
perature below 0° C. 

A blast of cold air is used to blow the particles through the tnbe and the 
charge on the tube, insulated and surrounded by an inductor connected to the 
electroscope, is measured as usual. I found high charges, of the order of those 
in the sand experiments. This demonstrates the electric separation due to 
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impact of ice on ice. To establish the point, two ebonite rods were covered 
with low-temperature ioe (as above) at one end, and with glass handles at the 
other. When the ioe surfaces are rubbed or lightly struck together they are 
found to be very brittle but with care the “ rubber ” surface is found to be 
negative, and the u rubbed ” positive. Again, this cold ice is found to be 
positive to ebonite, sealing wax. amberite and even vitreous silica and mica ; 
so cold ice must be one of the most electro-positive solids known. 

If the two ice surfaces are anywhere near 0° C. no tribo-electric charges can 
be obtained from them ; here impact or friction causes them merely to melt 
at the place of contact in the usual way. It is doubtless for this reason that 
snow storms in temperate regions of the earth are not accompanied by electric 
discharges. 

Theory. 

As the table of results shows, the metals Cu, Fe, Brass, Zn, always receive 
charges of sign, and in some degree of amount, in accordance with a group of 
well-established effects ; the Volta-effect, photo-electric-effect and thermionic- 
effect. This is a confirmation as far as it goes of Helmholtz's theory that 
tribo-electric charges arise for metals , like the Volta-effect, simply from contact 
difference of potential. But the three “ like ” metal cases, Cu/Cu, Zn/Zn 
and Brass/Brass, as well as the cases Sand/Sand and Ice/Ice show that the 
Volta-effect alone, as ordinarily understood, will not account for all the charges 
arising; for here we have the contact of surfaces chemically identical. We 
are therefore driven to postulate physical differences of the surface, i.c., strain 
differences, as contributory factors to tribo-electric charges. Permanent 
strain of the superficial layers of a solid surface occurs when another solid presses 
(even lightly) on it. The force which tears the particles from a block when it is 
filed may or may not leave strain in parts of their surfaces. If the heat due to 
rupture is sufficient to raise the metal to annealing temperature, say, 250° C., 
the filings may be annealed and free of strain; if not, there must be strain. 
Again, the sheet metal wliich the filings strike has some strain caused by 
cleansing with sand-paper. The subject of superficial strain and the change 
in electrical properties due to it calls for investigation. 

I am glad to acknowledge the help of Mr. R. F. Hanstock and Mr. J. E. 
Keyston in the observations. 
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Summary. 

(1) The impact of two unlike metals, of two like metals, or of sand on sand, 
or ice on ice, is studied by driving wind-blown particles of these materials on 
to surfaces of one material only. 

(2) The charges arising on the particles, on the surfaces, and on the issuing 
air, are separately measured. 

(3) Results show that the Volta-effeot plays a large part, but not the only 
part, in the genesis of charges, for, 

(4) When the particles and surfaces are chemically identical, considerable 
charges arise. 

(5) The results for sand and ice provide a key to the meteorological effects 
observed in electric sand-storms and snow-storms. 


Intensity Measurements in the Secondary Spectrum of 
Hydrogen. —II. 

By Dr. W. Kapuscinski and Miss J. G. Eymers. 

(Communicated by 0. W. Richardson, F.R.8.—Received, August 2, 1928.) 

In an earlier publication* Prof. Omstein and the writers gave intensity 
measurements of a part (4500-4900 A.) of the secondary spectrum of hydrogen. 
At Prof. Ornstein’s instigation the measurements were later extended to other 
parts of this spectrum, as such measurements may be valuable for the 
theoretical investigations of the secondary spectrum and the classification of 
the lines, about which much uncertainty exists as yet. Only the results of the 
measurements are given in this paper: the theoretical discussion will be 
submitted later. 

For particulars of the experimental methods, readers axe referred to the 
initial publication. 

In order to get a greater intensity of light, a tube of the “ end-on ” type 
(fig. 1) was substituted for the one previously used. The spectra were taken 
with the same grating: lines 0*2 A. apart were distinctly separated. The 
times of exposure ranged, according to the spectral region, from half a minute 


* • Roy. Soo. Proo,,’ A, vol. 119, p. 83 (1928). 
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(violet) to five hours (green and red); especially in the green part the photo¬ 
graphs were difficult to obtain. 



The following plates were used :— 

3650-4900 A. Ilford Special Rapid 

4900-5660 A. Astronomical Green 

5660-6450 A. Panchromatic. 

The whole spectrum was taken at a pressure of hydrogen of about 0*17 mm. 
(the green port at a slightly higher pressure, 0*21 mm.), and a current of 
28-35 m. A. The potential across the electrodes was about 400 volts ; a low 
pressure was used as trials had shown that under these circumstances the 
discharge best showed the changes in the pressure which invariably occurred. 
At the conclusion of the experiments the tube was connected to a vacuum 
pump, and the pressure, at which a discharge similar to that which had been 
employed, found; it was about 0*20 mm., i.e. approximately the same as 
given above. 

By taking several photographs on the same plate, only differing in time of 
exposure, a good control of the results was possible, for the ratios of the 
intensities of the lines on each pair of photographs should be constant, 
consistent with a certain spreading. However, it appeared that on most 
plates those ratios were in a certain way dependent on the intensity. The 
following example serves to illustrate this point. 

Comparing a dense spectrum with a weak one, it appeared that the ratio 
for small intensities was systematically greater than the average ; with large 
intensities it was smaller; consequently the smallest intensities were too large 
and the largest too small. The ratio as a function of the intensity of the 
denser photograph is as in fig. 2. 

The curve cuts the line of the average at intensity 47*5, which means that at 
intensity 47*6 of the denser photograph the ratio is the right one; conse- 


1 All “ backed.” 
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quently, both at intensity 47 -5 and intensity 47‘6/3-96 = 12, no correction i8 
necessary. An intensity 47*5 for the weaker photograph corresponds to an 
intensity 47-5 x 5-48 — 260 for the denser one (at 260 the ratio being 5-48). 
This ought to be 47-5 X 3 - 96 -= 188; therefore it follows that at intensity 
260 the correction amounts to — 72. 

Similarly, an intensity 3 33 for the weaker photograph corresponds to an 
intensity 3-33 X 3-60= 12 for the denser one; as intensity 12 has no 
correction the intensity 3-33 should be 12/3‘96 = 3*03, consequently the 
correction at 3-33 is — 0-3. 

If we make a curve of the correction as a function of the corresponding 
intensity (fig. 3) by the use of these four points, the part between intensity 
47-5 and 12 can be sketched (for we know the correction in that part to be not 
very great), and with the help of this sketch it becomes possible to find more 
points. For example, we see from fig. 2 that at intensity 90*8 the ratio to the 



-weaker intensity, 20, is 4-64. Fig. 3 shows us that intensity 20 ought to be 
20-4: the ratio being 3-96, the intensity 90-8 must be 20-4 X 3*96 = 80-8. 
Correction at intensity 90 • 8 also = — 10. In the same way we can find more 
points. Moreover, the same plate contained a third denser spectrum. By 
comparing this one with one of the already-mentioned photographs, we 
learned that here the correction was 0 at the intensity 48. When this case 
was treated in the same way as the one just mentioned, an average curve for 
the correction of the plate was established. On this correction being applied 
the ratios of corresponding lines in the different photographs are found to be 
constant, a value approximately the same as if an average had been taken of 
the initial ratios. 

The phenomenon is probably due to “ developer-effects ” which cause the 
density curves, obtained by means of continuous density marks, to have a 
slightly too small inclination at high intensities and a slightly too large 
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inclination at lower intensities. Though these effects would have been avoided 
had “ step-weakeners ” been used, Buch a method would cause some difficulties 



with the astigmatic grating employed, so the method of density marks was 
preferred. 

The density in the spectra was measured at least twice by means of a Moll 
registering microphotometer (with first slit). Analyses of doublets or multi- 
plets had to be applied in about 200 cases. Altogether the intensities of 
1427 lines wore determined. The wave-lengths were taken from the extensive 
tables of Gale, Monk and Lee,* lately published, which gives the best measure¬ 
ments up to date. (It is of interest to note how well the wave-lengths 
established by the writers for doublets analysed in the previous table agree 
with these measurements of Gale, Monk and Lee.) 

The region 4600-4900 A. was also onoe more measured, because the pressure 
differed from that formerly used and because the above-mentioned correction 
had since been determined and applied. 

Finally, an illustration of the accuracy of the measurements are given. 
The given intensities are those of lines chosen at random from different 
photographs, all xeduoed to common terms. 

f 4 Aatrophy*. J,,' vol. 67, p. 90 (1928). 
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Table I. 


Wave-length. 

I. 

II. 

in. 

IV. 

The 

average 

intensity. 

4500*63 

36*6 

33*9 

33*2 

34*9 

34*2 

4686*77 

92*0 

88*0 

87*2 

78*0 

88*0 

5317*89 

16*9 

14*9 

15*6 

16*0 

16*0 

5474*86 

28*5 

28*4 

33*4 

— 

30*0 

5630*62 

13*3 

12*4 

12*7 

—. 

12*8 

0018*29 

185*0 

160*0 

168*0 

— 

173*0 

6399*48 

47*3 

47*9 

51*0 

*“***• 

48*5 

, 


The weakest and the strongest lines are less accurate, of course, for they 
could not be measured on all the photographs. Different weight has often been 
given to the results of the different photographs, owing to the fact that in some 
cases the lines were very difficult to measure on account of the very large or 
very low density of the negative. 

Table II. 


Wave¬ 

length. 

Intensity. 

Wave¬ 

length. 

Intensity. 

Wave¬ 

length. 

Intensity. 

Wave¬ 

length. 

Intensity. 

3652*46 

19*5 

3797*91 

29*9 

3807-99 

10*2 

3950*57 

10*8 

66-67 

12*4 

! 99*02 

34*7 

09 16 

26-7 

51*48 

10-0 

63*06 

16-5 

3800*05 

10*3 

09*93 

42*5 

66-18 

10*6 

64*13 

45*6 

02*08 

8*6 

70-63 

29*0 

59*96 

11*3 

66-24 

12*3 

03*03 

94*5 

70*91 

44*3 

60*19 

9*5 

65*91 

48*9 

03*27 

14*3 

71*59 

164-0 

62*33 

27*9 

73*02 

46*5 

09*02 

19*0 

72*35 

118-0 

03-14 

36*0 

74*40 

109*0 

12*17 

8*4 

74*12 

18*5 

60*80 

7*3 

80*53 

9*9 

12-74 

23*4 

77*27 

7*1 

08*91 

7*2 

81*96 

32*0 

16-33 

13*3 

79*53 

47*4 

74-21 

14*4 

82*29 

19*0 

10*79 

9*7 

82*05 

10-7 

74*77 

10-0 

84*31 

119*0 

24*94 

20*1 

84*14 

39-5 

76*07 

23*6 

9014 

10*8 

36*44 

22*3 

86*22 

10-7 

77-09 

7*7 

99*78 

17*8 

40*55 

12*2 

87*39 

9*8 

78*15 

18*1 

3700*05 

19*9 

45*83 

i 10*6 

87*84 

32*6 

78*07 

9*6 

02*11 

42*5 

46*23 

1 19*4 

88*99+ 


79*74 

10*5 

15*99 

10*0 

49*30 

52*1 

H{ 

170*0 

82*03 

48*6 

22*09 

27*9 

49*70 

15*3. 

89*30 

112*0 

83*97 

36*2 

32 11 

29*1 

49*99 

8*6 

90*70 

13*3 

86-92 

30*6 

41*21 

10-0 

51*27 

! 38*4 

3902*62 

29*2 

90*03 

142*0 

51*88 

25*2 

57*78 

20*8 

07*48 

14*4 

91*15 

11*4 

70*23 

11*8 

68*06 

37*1 

10*04 

8*2 

91*83 

89*0 

71*50 

30*0 

59*01 

17*3 

16*90 

8*5 

93*20 

33*3 

74*30 

10*0 

59*88 

33*7 

24*41 

47*5 

93*85 

14-6 

75*58 

12*8 

60*71 

03*2 

27*191 

g% A 

96*00 

11*5 

76*98 

15*6 

61*60 

86*7 

27*24/ 

0*9 

97*14 

90*5 

90*96 

11*9 

03*20 

75*2 

28*39 

9*5 

98*26 

8*7 

91*40 

35*0 

64*07 

10*9 

33*60 

15*0 

99-26 

4*9 

94*46 

25*6 

64*27 

15*5 

44*27 

44*2 

4000*21 

18*3 

90*60 

102*0 

65*49 

27*6 

44*82 

4*8 

00*84 

27*9 

97*52 

72*8 

67*08 

51*2 

46*11 

8*1 

02*07 

1 6*5 
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Table II—continued. 


Wave¬ 

length. 

Intensity. 

Wave¬ 

length. 

Intensity. 

f 

Wave¬ 

length. 

Intensity. 

Wave¬ 

length. 

Intensity. 

4002*50 

48*4 

4061*41 

3-7 

4113-52 

22*5 

4184*69 

2*2 

02-98 

20*1 

62-4«t 

103-0 

10-31 

7*4 

87*73 

1*6 

05*49 

65'0* 

63*26 

30*2 

23*27 

2*0 

86-23 

8*7 

05*94 

23*4 

63*63 

64*1 

23*75 

► 8*5 

89*09 

3*1 

08*72 

10*1 

65*62 

47-0 

29*54 

9*4 

89*46 

6*2 

09*26 

0*7 

66*13 

21*1 

30*03 

3*9 

92*11 

5*0 

09*56 

12-7 

60-88 

318*0 

31*45 

27*1 

94*02 

6*8 

10-74 

6*3 

67-16 

33*7 

31*95 

9*0 

94*31 

* 7*4 

13*15 

13-7 

69 *63 

395*0 

32-70 

2‘8 

95*07 

156*0 

15-83 

7*0 

69*88 

52*0 

34-00 

25*3 

98*21 

29*3 

16*31 

5*2 

71*24 

00*91 

38-19 

2*1 

98*72 

2*2 

16 -as 

5*6 

71*66 

11*8 

39*52 

2*7 

99*79 

89-0 

18-90 

6*6 

72*96 

51-0 

40*82 

7*0 

4200*10 

11*0 

20-93 

10*8 

74'10 

03*8 

42*04 

1*6 

00-97 

31-2 

21*34 

21*8 

74*62 

4*8 

42*80 

5*9 

02*28 

13-6|| 

21*79 

14-5 

75*01 

2*9 

43*29 

4*6 

05*10 

340*0 

23*34 

3*6 

75-89 

1*6 

43*86 

4-3 

06*09 

36*0 

24-73 

18*3 

70-00 

13 

1 45-56 

6-3 

07*54 

6*1 

26*22 

6*0 

78*17 

7*8 

46*24 

11*9 

08-23 

3*7 

26-61 

10*3 

78*84 

151-0 

46*91 

3*5 

08-43 

5*3 

27-38 

16*7 

80*09 

4*0 

51*57 

12*2 

09-17 

28*1 

28*33 

82-6 

80-46 

1*3 

52*16 

1*6 

10*13 

90-8 

30*03 

2*4 

80*66 

2*9 

G2*64 

6*9 

11-82 

7*6 

31-37 

11*4 

81*48 

7*5 

55*80 

10*6 

12*04 

13*8 

31-76 

9*8 

82*38 

76*2 

56*02 

28*9 

12*50 

158*0 

32-07 

3*1 

83*34 

2*0 

56*86 

31*1 

14*28 

6*8 

33-78 

4*5 

83*84 

10*9 

57*17 

6*5 

16*21 

6*8 

35-67 

22*6 

84*01 

8*3 

59*30 

25*8 

16*67 

7*8 

38-53 

4*5 

84*52 

, 5*4 

61*49 

6*2 

19*50 

9*6 

39-16 

3*6 

85*01 

1 19*8 

61*72 

17*4 

22*16 

83*0 

43-11 

8*4 

85*24 

I 47*5 

61*94 

41*2 

22*52 

79*0 

43-57 

61*0 

87*76 

i 197*0 

62*36 

2*7 

23*94 

50*4 

44-47 

9*9 

88*68 

6*0 

03*01 

0*1 

24*60 

28*2 

44-77 

2*9 

88*91 

5*4 

63*39 

17*2 

25*65 

2*0 

45-40 

5*0 

89*29 

4*0 

63*61 

35*5 

26*74 

5*1 

47-58 

3*4 

90*71 

3*2 

64*44 

3*0 

27*38 

16*8 

47-05 

8*0 

91*07 

3*4 

65*20 

16*1 

28*81 

2*4 

48-30 

23*4 

91*62 

3*4 

66*73 

1*4 

31*00 

3*2 

48-46 

22*5 

92*21 

2*2 

67*57 

10*1 

32*87 

10*9 

40-18 

11*4 

92*81 

2*1 

68*57 

5*9 

32*80 

7*6 

61-22 

14*4 

93*80 

3*7 

71*31 

137*0 

33*41 

30*0 

53-61 

6*2 

94*21 

9*3 

73*85 

1*9 

33*82 

22*7 

53-99 

7*6 

94*75 

3*3 

74*05 

1*4 

37*55 

5*0 

64-38 

3*1 

95*53 

24*7 

75*17 

88*0 

43*13 

6*6 

66-28 

20*6 

96*07 

19*5§ 

77*13 

376*0 

43*33 

23*7 

66-41 

14*6 

97*43 

32*7 

77*72 

57*3 

45*53 

1*7 

67-15 

3*4 

4106*23 

23*8 

78*64 

2*1 

46*69 

0*6 

67-66 

16*5 

07*79 

16*8 

79*60 

53*5 

46*99 

2*8 

58-43 

2*8 

09*30 

20*2 

80*11 

124*0 

63*29 

19*7 

69-26 

7*7 

09*49 

6*3 

80*69 

6*4 

54 03 

2*8 

61-09 

6*4 

10*12 

22*5 

82*17 

115*0 

65*22 

2*4 

61-30 

4*1 

11*06 

9*2 

84*40 

2*5 

56*72 

8*0 


♦ Possibly partially blended by 4005 ■ *40. 
f Double? 

+ Possibly a little modified by 4071*30. 

§ Blend with 4095*95. 

|| Possibly a little influenced by 4202*44, 
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Table II—continued. 


Wave¬ 

length. 

Intensity. 

Wave¬ 

length. 

| : 

J Intensity. 

Wave- 

length. 

Intensity. 

1 Wave- 
| length. 

Intensity, 

4260*34 

3*6 

i 

j 4308-99 

i 

i 2-0 

! 4422-99 


4407*75 

j 3-0 

61-67 

2-6 

70*77 

| 5*5 

| 23*25 

! 21*1 

68*28 

4*4 

62-78 

5*4 

71*99 

2*4 

S 25-15 

| 13-3 

09*54 

2*2 

66-16 

5-2 

75*54 

79*40 

1 2-0 

j 25*90 

1 15*2 

70-72 

3*7 

67-03 

1*7 

! 20-3 

1 26-61 

3-3 

71*52 

12-6J 

07-91 

3*8 

79*90 

j 3*5 

j 27*75 

6-3 

71*96 

12*6 

72-13 

2-9* 

81*61 

1-5 

| 28*05 

2*5 

74*20 

24-4 

77-48 

5*5 

82*18 

6-2 

| 28*79 

2*8 

76*33 

6*7 

79-42 

12*6 

83*03 

1*7 

! 29-30 

4*4 

77*07 

21*6 

80*74 

6-8 

83-49 

120 

j 31-38 

0*4 

77*82 

3*0 

81*82 

2-2 

84-19 

3-1 

32-30 

0*7 

78*99 

no 

82-71 

3*0 

84-40 

4-8 

33-88 

2*7 

79*39 

2*7 

86-04 

3*3 

80-25 

4-0 

34-28 

5*3 

79*09 

! 4-1 

87-61 

3*0 

87-29 

2*5 

34-57 

5-8 

81-26 

8-6 

88-86 

3*3 

88-89 

4-3 

34-99 

8*7 

82*08 

1 7*0 

89-20 

! 2*4 

89-08 

13-6 

36-89 

4*6 

82*51 

3*1 

89*64 

12-5 ; 89-45 

2-2 

37-04 

1*8 

83*51 

2*3 

90-11 

13*6 

| 90-90 

22*5 

38*21 

4*5 

84-16 

3*2 

90-67 

3*0 

91-73 

7*3 

38*63 

8-6 

86*08 

41*0 

92-14 

4-5 

92-09 

7-8 

39-43 

2*9 

86*71 

2*9 

92-70 

5-4 

02*89 

3*1 

41-40 

8*6 

87-81 

36*2 

94-23 

3-3 

94-36 

3-2 

41*85 

2-1 

88*55 

3*9 

05*42 

8*4 

90-89 

1*8 

42*85 

9*4 

89-23 

6*9 

95-64 

8*3 

98-08 

4*1 

43*46 

1*8 

90*45 

111*0 

08-03 

2*4 

98-24 

0*7 

44-21 

18*9 

93*09 

30-5 

4303-42 1 

56*2 

98-93 

1*9 

45*25 

72*1 

95-31 

3*1 

03*88 

30*4 

99-66 

2*7 

40-82 

3*0 

96*67 

14-0 

06-82 

4*6 

99*96 

2*2 

47*65 1 

66*7 

97-10 

9-0 

06-28 

35*4 

4400-75 

18-7 

47*93 1 

28*3 

97-58 

33*0 

07*50 

3-9 

00-83 

| 3*3 

49*60 

4*6 

98-11 

61*4 

08*64 

16-1 

00-92 

i 4*2 

49-01 

28*9 

98*52 

53*8 

11*70 

7*1 

01-41 

2*8 

50-35 

3*2 

99*55 

8*6 

12-39 ! 

4*4 

01-65 

2*6 

50*82 

15-8 

4500*05 

3*6 

12*87 

11*1 

02*46 

2*0 

51*35 

4*1 

01*60 

3*7 

18*00 

6-8 

03-63 

3*7 

52*10 

6*7 

01*96 

33-7 

18*22 

8-9 

04-17 

0*7 

52-77 

13-9 

02-74 

8-0 

20-66 

2*2 

04*61 

19-8 

53-14 

19-2 

04-47 

13-7 

27*36 

3*2 

10*48 

10*2 

55-34 

6*1 

04*92 

0*4 

27*93 

28-2 

10*62 

11*6 

65-07 

12*3 

05*03 

34*2 

29*64 

2*5 

12*25 

86-0 

56-96 

8*8 

09*10 

3-0 

30*40 

5*9 

12-48 

10*6 

56*67 

20*4 

10*90 

14*7 

31*38 

2*8 

13-50 

12*8 

56*85 

30*9 

11*33 

4*3 

32*62 

19-0 

14-22 

33*3 

57*03 

0*0 

11*69 

31*5 

35*52 

15*9 

14*54 

5*2 

57*58 

4*6 

12*48 

4*4 

43*60 

2*6 

14*99 

21*5 

58*30 

5*9 

12*87 

6*9 

46*66 

1*8 

16-22 

12*5 

68* 73\ 


13*83 

0*3 

50*42 

1*6 

16-48 

7*1 

58*80/ 

iU'U 

14*31 

4*0 

50*72 

2*6 

17*34 

47*0 

59*12 

13-0 

16*18 

7*0 

52*12 

1*7 

18*67 

7*5 

50*46 

3*9 

15*56 

4*4 

53*41 

5*8 

19*49 

35*4 

00*10 

2*0 

17*43 

9*6 

54*54 

10*3 

10*82 

6*4 

60*97 

00 0 

17*72 

3*8 

55*79 

2*0 

20*30 

32*9 

61*91 

2*9 

17*90 

0*7 

61*92 

2*8 

20*02 

7*4 

63*88 

8*5 

18*13 

3*9 

67*73 

6*8 

21*16 

8-7 

64*22 

8*6 

19*12 

10*7 

68*49 i 

4*2 h 

22*77 

ll-9t 

67*15 

70*9 

19*96 i 

0*8 


* Not present in the Tables of Gale, Monk and Lee. 
t A partial blend with 4422 '#5. 
j A partial blend with 4471*61* 
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Table II—continued. 


Wave¬ 

length, 

Intensity. 

Wave¬ 

length, 

Intensity. 

Wave¬ 

length, 

Intensity. 

Wave¬ 

length, 

Intensity. 

4521-42 \ 


4579-99 

286*0 

4662*81 

138*0 

4743*38 

44*0 

21*49/ 

90*0 

81*54 

13*4 

64*63 

6*3 

45*31 

11*2 

22*45 

3*1 

82*69 

123*0 

65*59 

44*4 

46-97 

3*6 

22*87 

13 7 

83*88 

9*3 

66*77 

7*3 

50*73 

5*6 

23*19 

14*3 

84*50 

54-3 

67*08 

13*4 

51*58 

4*1 

24*14 

27*1 

85-12 

2*0 

67*79 

39*3 

55*41 

6*5 

24-88 

4*1 

88*68 

30*7 

69-28 

14-0 

56*95 

14*1 

27*18 

15*1 

89*92 

4*0 

70-02 

8*3 

60*12 

7*6 

29*08 

7*0 

91*81 

11*6 

70*65 

31*0 

03-84 

76*8 

20*27 

12-4 

94*74 

4*0 

71*81 

00*9 

67*25 

13*3 

30*89 

6*6 

95*17 

7*6 

71-71 

14*7 

07*92 

3*5 

31*19 

21*3 

97*21 

23*0 

72*08 

6*7 

68*18 

4*0 

31*05 

4*8 

98*49 

6*7 

73*10 

10*1 

69*52 

3*9 

33*oei 


4000*86 

7*3 

73-23 

11*4 

70*01 

18*9 

33*09 y 

32*7 

05*36 

4*5 

74*53 

35*1 

70-91 

10*2 

33*13 J 


07*09 

6*9 

74*96 

29*7 

74*27 

13*0 

84*16 

48*4 

07*40 

18*2 

76-31 

34*3 

75*86 

8*7 

34*03 

61-0 

08*56 

1*7 

78*16 

2*7 

77*45 

43*0 

35*91 

11*4 

13*12 

24*0 

79-09 

38*8 

80*921 


37*73 

3*2 

14*59 

17*4 

80*43 

39*3 

80*96 y 

61*9 

37*88 

11*9 

17*53 

81*0 

80*74 

7*8 

80-98J 


38*31 

7-3 

18*13 

17*6 

81*35 

10-6 

82*44 

8*0 

39*16 

8*2 

18*30 

35*8 

82*34 

71*5 

82-87 

5*6 

41*12 

9*0 

18-00 

15*2 

83*82 

159*0 

84*78 

10*4 

42*96 

4*6 

20*76 

19*1 

84*65 

27*5 

85*09 

6*7 

43*69 

23*8 

24*10 

7*6 

86*14 

29-0 

85*98 

10*9 

47*23 

2*4 

24*73 

4*8 

80*77 

88*0 

89*42 

39-6 

47*07 

27*1 

25*31 

39*2 

88*44 

15*4 

90*86 

17-0 

49*90 

22*7 

25*58 

13*5 

90*18 

50*0 

91*22 

8*2 

50*98 

28*2 

20*76 

4*1 

92*04 

25*1 

93*91 

49*6 

51*72 

17*6 

27*99 

227*0 

93*81 

2*8 

94*19 

12*4 

52*42 

9*5 

28*71 

6*6 

99*83 

5*7 

95*16 

11*4 

54*16 

107*0 

29*07 

60 

4701*72 

5*9 

90*991 


67*13 

35*6 

31*07 

6*5 

02*60 

17*7 

97*05 y 

45*0 

67*39 

32*0 

31*46 

160*0 

05*26 

8*2 

97-10J 


58*32 

25*4 

31*85 

233-0 

08*49 

10*0 

97*75 

72*2 

58*61 

31*4 

34*03 

485*0 

09*54 

80*0 

99*15 

31 

68*84 

8*2 

34*001 


11*07 

11*2 

4801*99 

12*2 

60*21 

13 1 

34*02 y 

146*0 

13*93 

47*1 

02*40 

13*4 

60*50 

4*1 

34*71 J 


14*31 

7*3 

04*07 

5*3 

61*15 

20*9 

38*47 

6*4 

19*04 

185*0 

07*34 

5*0 

62*22 

52*6 

48*25 

4*0 

19*30 

12*6 

07*49 

4*4 

62*45 

8*3 

43*85 

5*3 

20*50 

3*7 

13*60 

31*0 

63*73 

19*0 

45*34 

10*2 

21*00 

4*4 

17*51 

17*8 

64*91 

4*7 

46*58 

2*8 

21*54 

19*8 

19*22 

7*8 

65*64 

21*1 

49*27 

6*7 

23*03 

127*0 

22*94 

52*1 

68*13 

188*0 

49*50 

13*6 

23*84 

5*3 

24*57 

6*6 

68*62 

6*7 

60*38 

9*9 

24*82 

27*6 

30*63 

9*2 

70*80 

5*6 

i 60*95 

11*6 

20*14 

8*3 

30*78 

8*0 

72*23 

18*6 

61*61 

6-0 

27*74 

6*0 

31*56 

8*6 

72*71 

134*0 

53*00 

87*0 

28*50 

3*4 

82*79 

10*4 

76*88 

73*0 

53*20 

19*4 

28*89 

2*9 

38*24 

84*5 

76*54 

7*4 

54*00 

20*1 

30*76 

5*8 

41*52 

6*0 

76*73 

6*6 

57*86 

10*5 

32*73 

13*4 

41*72 

6*2 

77*22 

3*2 

58*78 

8*5 

38*71 

4*2 

42*39 

10*8 

78*02 

76*0 

60*10 

7*9 

! 40*99 

37*1 

43*24 

35*8 

78*56 

6*2 

60*40 

67*0 

42*11 

18*8 

43*43 

7*8 

79*45 

60*0 | 

61*40 

126*0 

42*78 

58*6 

43*76 

8*7 


VOL. OXXII.—A. 





66 


W. Kapuscinski and J. G. Eymers. 


Table II—continued. 


Wave¬ 

length. 

Intensity. 

Wave¬ 

length* 

Intensity. 

Wave¬ 

length. 

Intensity. 

Wave¬ 

length. 

Intensity. 

4846*60 

10*0 

4036-14 

11*5 

6020-74 

20*3 

6153*87 

20-6 

48*11 

6*9 

36*43 

11*2 

24-96 

3*3 

56*26 

8*8 

49-80 

73-7 

36-71 

8*0 

27*70 

4*1 

56*84 

10-7 

40*63 

7*9 

37*32 

6*6 

28-85 

10*6 

68*84 

4*0 

40*86 

9*8 

39*16 

18*5 

30*37 

41*5 

59*83 

7-7 

60*66 

00*5 

39*60 

29*0 

32*16 

4*5 

60*63 

9*2 

60*11 

22*0 

40*01 

6-4 

34*26 

3*0 

67*41 

6*9 

66-31 

12*0 

41*99 

4-3 

39*82 

52-0 

68*24 

20-5 

67-03 

16 7 

42*55 

10*7 

41*63 

36-0 

70*17 

6*1 

60*46 

21-9 

43-01 

3 3 

43*02 

0*8 

73-78 

9*0 

70*29 

4-6 

44*82 

14*7 

47*72 

4*2 

74*70 

14*5 

73-01 

06*0 

45-80 

4*0 

48-00 

16-2 

78*49 

5*0 

73*32 

20*0 

49*54 

5*6 

49*37 

9*9 

80*68 

16*5 

74*29 

29-6 

52*59 

8-;i , 

60*42 

4*4 

88*29 

7*5 

70-96 

34*0 

55*00 

3-4 

65-00 

67-0 

90*39 

8*1 

78*13 

14 4 

i 66*49 

3*5 

61*73 

27*0 

91 *03 

9*3 

8i*52 

12*1 

j 56*70 

17*5 

63*88 

33-0 

03-01 

7*5 

82-78 

7*0 

66*79 

24-5 

87-48 

26*0 

96*38 

20*0 

83-86 

0*0 

60-12 

3*7 

68-12 

48*0 

97*21 

20-0 

86*41 

5*0 

60-95 

15*0 | 

89-66 

8*1 

97*62 

6*9 

86*90 

7*6 

66*09 

8*9 

70*30 

9*0 

99*71 

12*7f 

$8*48 

11*1 

66*91 

36*0* 1 

72*31 

9*9 

6202*03 

6*0 

91*27 

9*6 

67*86 

6*6 

72*62 

10-3 

03*02 

9*8 

91-94 

5*4 

68*63 

4*1 

75*44 

23*3 

04*33 

5*8 

90*47 

6*8 

09*22 

26-0 

76-14 

10*2 

08*44 

2*8 

90*89 

3*8 

70*71 

6*6 

77*20 

7-8 

11*61 

3*4 

97*48 

2*6 

71*70 

8*0 

78*78 

4*0 

14*62 

10*5 

4900*89 

14*0 

73*31 

56*0 

80*49 

44*6 

16*60 

5-5 

01*87 

12*0 

76*63 

18*4 

80*90 

10-0 

21*13 

0*4 

03*69 

2*8 

77*17 

6*1 

81*43 

14*2 

21*46 

8*3 

00*02 

6*5 

78*26 

10*3 

81*93 

29*5 

22*86 

15*6 

06*34 

00 

79*12 

9*5 

82*77 

12*0 

23*64 

8*6 

06*78 

4*3 

80*48 

24*5 

84*84 

46*0 

24*40 

3*7 

08*06 

12*0 

81*16 

4*7 

90*22 

8*9 

24-83 

40 

08*78 

13*5 

83*18 

1 11*0 

92*28 

4*3 

26*77 

27*0 

12*32 

3*7 

83*52 

4*7 

94*71 

3*2 

30*49 

5*0 

16*00 

3*1 

90*15 

| 17*0 

96*21 

4-4 

31*71 

7*1 

16*27 

1*8 

94*09 

i 7-7 

99*75 

12*0 

39*01 

18*6 

19*13 

11*4 

96*21 

3*3 

5108*67 

26*0 

39*82 

4*1 

20*33 

0*3 

96-46 

7*8 

’*06*79 

0*8 

41*29 

6*3 

21*20 

7*6 

96-85 

10*8 

07*64 

17*0 

43*72 

6*2 

22*46 

8*0 

07*04 

11*7 

08*30 

3*8 

44*64 

7*5 

24*02 

8*0 

6000*22 

7-0 

09*31 

14*3 

62-66 

3*2 

25*23 

12*0 

03*40 

40*0 

11*74 

4*0 

56*61 

24*0 

25*78 

2*7 

07-00 

58*0 

13*13 

51*0 

69*38 

7-6 

28*26 S 

7*1 

08*40 

8*5 

16*35 

10*0 

50*91 

4*5 

28*37 

22*6 

08 *54 


16*94 

4*8 

61-18 

16*5 

28-641, 

ac.n 

08*62 y 

8*4 

17*39 

8*0 

63-90 

11-7 

28*80/: 

oo u 

08*66 J 


20*98 

9*4 

64-28 

5*3 

32*26 

34*0 

09-62 

9*2 

22-58 

17*6 

04-68 | 

1M 

33*62 ! 

30*0 

11*10 1 

52*0 

32-03 

9*4 

66*05 

34*0 

33*84 

10*0 

13*04 

92*0 

34*12 

5*2 

68*24 

10*0 

34*24 

110*0 

14*47 ! 

26*0 

37*11 

8*2 

70*41 

16*0 

34*68 

6*0 

16*07 

65*0 

43-42 

6*5 

72*30 

27*0 

36*24 

19*0 

16*60 

33*0 

43*67 

2*0 

78*33 

12*5 

36*94 

0*9 

17*13 

10*2 

46*34 

32*5 

80*61 

4*5 


* Possibly a little blended by 4966*70. 
t Double ? 




Intensity Measurements in Secondary Spectrum of Hydrogen. 67 


Table II—continued. 


Wave¬ 

length, 

Intonsity.j 

Wave¬ 

length. 

Intensity. 

Wave¬ 

length. 

Intensity. 

Wave¬ 

length. 

Intensity. 

5283-29 

9*3 

5387-53 

10*9 

j 5462*99 

14*5 

6555-10 

9*1 

84-50 

13*7 

88*17 

43-0 

05*19 

2*9 

56*48 

3*1 

90*37 

4*2 

90*52 

5-3 

66*40 

11*4 

57-38 

1*8 

90-56 

3*3 

91*14 

9*3 

70-10 

2*6 

57*95 

2*7 

91*60 

26-5 

91-64 

9*0 

70*53 

3*0 

58*92 

2*9 

90*09 

5*7 

92*29 

52*0 

71*58 

3*4 

61*74 

11*8 

99*70 

6*7 

93*53 

2*7 

71*84 

2*8 

02*24 

6*8 

5302*11 

9*0 

94-07 

3-2 

73*30 

5*1 

64*51 

17*3 

03*10 

43*6 

94*39 

13*4 

74-86 

30*0 

66-10 

2*0 

04*42 

20*1 

94*80 

3*0 

70-27 

8*3 

09*50 

2*5 

05-67 

2*3 

98-07 

21*4 

77*18 

30 

71*59 

3*0 

08*01 

4*5 

98*97 

19-2 

77-82 

2*0 

73*62 

1*9 

09-04 

10*9 

6400-07 

3*9 

79*90 

3*2 

73*92 

8*6 

13-69 

5*3 

01 05 

15*7 

81*08 

32*7 

78*71 

0*0 

14*35 

0*2 

01*72 

5*6 

82*85 

3*2 

79*47 

2*6 

16-17 

6*3 

03-20 

4*8 

83-55 

2*6 

79*69 

6*3 

17-89 

10*0 

03*93 

3*4 

86-72 

2-4 

79*96 

4*1 

19*16 

22*1 

05-33 

160 

88-29 

2*8 

83*04 

6-7 

20*43 

7*8 

05*74 

4*9 

90*16 

2*8 

83*34 

2-1 

21-50 

2*0 

08-79 

16*7 

91*25 

3*2 

85*93 

2*6 

26-78 

9*2 

09*69 

21*0 

92*97 

10*8 

90-00 

3*5 

31-61 

6*0 

10*22 

7*5 

95*96 

24*9 

91*42 

2*4 

32*15 

3*4 

17*80 

45-6 

96*03 

5*0 

97*04 

30*0 

33-23 

3*5 

19-89 

60-9 

97*71 

3*2 

99-51 

2*7 

34*26 

21*1 

2114 

8*1 

99-58 

45-8 

5000*42 

23*0 

36*32 

12*5 

21*32 

7*2 

5500*48 

10*0 

01*70 

5-8 

36-58 

26*0 

22*13 

14*6 

05*52 

32*7 

04-05 

2*3 

89-39 

5*4 

23*25 

11*5 

06*34 

18-4 

04*36 

2*7 

40-82 

4*9 

25-20 

22*0 

07*85 

7-3 

04-09 

14*1 

43-17 

3*3 

25*89 

38*8 

08*09 

SO 

12-54 

57*8 

44-79 

24*6 

26*32 

18*6 

10*20 

2*5 

10*23 

5*1 

45-86 

3*1 

26*47 

10*0 

13*92 

2*9 

18-29 

2-9 

50-71 

4*7 

28*38 

4*2 

14*60 

7*9 

20*91 

11*3 

61-74 

5*1 

28*95 

11*9 

17*48 

2*8 

23*08 

14*2 

52-29 

1*7 

29*31 

4*3 

18*47 

25-1 

24*31 

7*8 

54-75 

8*0 

30*15 

3*6 

20*88 

11*5 

25*91 

2*9 

66-91 

40*2 

30*87 

12*4 

23*97 

7*9 

26*72 

2*5 

68-24 

1*9 

32*32 

2*9 

24*15 

8*2 

27*44 

5*0 

68-73 

10*8 

34*82 

30*0 

20*32 

8-3 

30*02 

12-8 

61-59 

2*4 

36*33 

2*3 

27*35 

0*1 

30*99 

8*6 

62-38 

I 2*4 

38*78 

10*6 

27*79 

2*2 

32*19 

7*5 

62-84 

15*9 

39*69 

5*8 

29*51 

4*2 

34*16 

9*7 

63-51 

8*4 

40*19 

3*3 

29*87 

2*8 

• 34*81 

31*8 

65-90 

14*1 

42*21 

3*5 

34*05 

5*2 

40*42 

2*9 

68-86 

3-9 

42*52 

2*1 

34*48 

20 

42*07 

2*3 

71-90 

9*0 

44*35 

2*3 

35*98 

26*2 

42*72 

5-9 

72-45 

8*8 

46*67 

4*0 

30*35 

3*7 

42*94 

15*4 

73-08 

9-0 

49*85 

2*7 

37*47 

73*5 

46*11 

8*8 

73-41 

16*3 

52*53 

2*7 

39*96 

2*6 

52*18 

0*0 

74-29 

5*1 

54*74 

3*5 

43*11 

20*0 

54*76 

9-7 

75-62 

2*1 

55*32 

11*5 

43*50 

20*0 

55*75 

26*5 

76-51 

1*9 

56*69 

5-2 

44*68 

2*6 

67*80 

3*3 

77-20 

3*1 

56*98 

9*9 

46*49 

2*9 

60*79 

2*8 

78-39 

6*7 

67*91 

2*7 

47*63 

12*1 

61*03 

14*8 

79-52 

4*0 

68*79 

5*6 

48*40 

3*7 

61*84 

7*7 

79-98 

8*8 

59*60 

43*0 

49*47 

4*5 

62*87 

9*2 

86-61 

42*0 

61 *40 

3*8 

49*74 

8*2 

70*28 

3*0 

86-20 

10*6 

01*84 

8*3 

52*53 

26*3 

70*76 

9*5 

86-76 

13*4 

62*30 

i 3*2 

53*83 

4*9 

70*93 

13*0 


2 
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Table II—continued. 


Wave¬ 

length. 

Intensity. 

Wave¬ 

length. 

Intensity 

Wave¬ 

length. 

Intensity 

Wave- 
’ length. 

Intensity. 

5072-37 

2 8 

5801*15 

10*3 

5047*30 

I 38*0 

|i 

j 0135*40 

78*0 

74-98 

10-6 

1 06*10 

23*0 

47*09 

30*0 

39-37 

8-0 

70*02 

2*3 

I 1150 

/ 14*3 

49-00 

52*0 

/ 4619 

17*9 

82-51 

3*1 

12-59 

44-0 

59-81 

34*7 

40-00 

11*3 

83*08 

7*1 

14*94 

22-9 

03*47 

12-0 

1 51 *47 

12-0 

83*74 

10-4 

16-44 

13*7 

67*27 

15*0 

I 55-03 

28-0 

8413 

22-0 

17-08 

8-0 

70-31 

10*7 

60-58 

' 19*6 

84*54 

5-7 

17-00 

10-7 

70-93 

15*3 

1 61-01 

36-U 

87-40 | 

3*1 

19-28 

9*1 

74-14 

11*0 

62-60 

10*0 

87-02 

3-4 

22-07 

13-9 

75-44 

120*0 

67*74 

21*7 

89-20 

34-6 

22*76 

37*8 

82*50 

21*8 

60-04 

27-4 

01 • 16 

13*3 

24*50 

9*3 

89*24 

14*0 

74-00 

15*8 

92-10 

3-0 

31*02 

10*2 

90*53 

19-0 

76-23 

15-6 

94-14 

25 0 

32-77 

17*6 

94*06 

40-0 

82-99 

69-3 

96-18 

9*9 

36-13 

46-2 

0002*82 

18*1 

07-11 

18*4 

96*87 

3*2 

40-32 

17*0 

07*18 

8*0 

97*74 

12*9 

97-40 

6*0 

50-89 

9*2 

11*40 

8*4 

99*39 

09*0 

97*53 

11*4 

51*62 

9-8 

18*29 

173*0 

6201-18 

37*5 

5700*04 

9-0 

50*81 

200 

21-27 

27*0 

24*81 

137-0 

03*25 

12*0 

61*18 

9*3 

23*76 

47*0 

30-26 

44*5 

03*76 

111 

64*40 

15*0 

25*77 

8-0 

33-01 

20*6 

09-77 

12*1 

09*26 

20*2 

27*98 

34*7 

35*89 

11*7 

13*45 

33*5 

71*95 

25-6 

30-06 

10*8 

38*39 

08*0 

16*01 

9*6 

78-50 

30-9 

31*47 

24*5 

49*10 

16*8 

23*45 

10*0 

79-20 

14*9 

31-90 

81*1 

62-61 

16*4 

27*05 

12*4 

82-00 

11*0 

41-03 

11*1 

70*54 

16-0 

28-55 

30-7 

83*94 

21*3 

42*71 

18*5 

71*31 

26*3 

31*93 

19*0 

84-63 

22*7 

44*65 

7*4 

74*84 

10-8 

36*13 

17*1 

87-35 

11*0 

45*42 
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The Form of the Central Carbon Atom in Pentaerythritol Tetra-aeetate 
as shown by X-ray Crystal Analysis. 

By I. Ellte Knaggs, Ph.D., D.I.C., F.G.S., Hertha Ayrton Fellow (1926-27), 

Girton College. 

[Plates A, 4 .] 

(Communicated by Sir William Bragg, F.B.S .—Received August 21, 1928.) 


Introduction . 

A survey of those organic compounds in which carbon prevails Beems to 
indicate that the carbon atom has a tendency to preserve the tetrahedral 
symmetry which it exhibits in diamond. It is to be expected, however, 
that this symmetry may be distorted to some extent, when the carbon 
atom is associated with other atoms or groups of atoms. In the present paper 
an attempt is made to study the behaviour of the central carbon atom in 
pentaerythritol tetra-acetate, C(CH 2 OCOCH 3 ) 4 , where the carbon atom is 
associated with four like radicals of relatively large molecular weight. 

Crystallographic Data . 

Pentaerythritol tetra-acetate crystallises from dilute alcohol in tetragonal 
prismatic needles, which are occasionally terminated by a tetragonal pyramid. 
The crystals were previously described* as tetragonal with an axial ratio 
a : c = 1 : 0*324 and the class uncertain. The density D,/ 8 * was found to be 
1*273 (through an undetected printer’s error it was given as 1*213) and the 
refractive indices 2 = 1*483 and w = 1*433. 

Results of X-ray Analysis. 

The crystals were examined in the usual way by taking rotation, oscillation 
and Laue photographs (Plates 3, 4). The X-ray source was a Shearer tube 
with copper anticathode (X£« = 1 *539 A.U.). 

The axes of the unit cell were found to be 

a = 11*98 A.U. 
c== 5*47 A.U. 

with an error of approximately 0*2 per cent* 

* Knaggs, * J, Chem, Soo. Lond. Trans.,* vol. 123, p. 77 (1923). 
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N, the number of molecules per unit cell is given by 11 *98 2 X 5*47 X p = 

N x M X 1*65. The density p being 1*273, and M, the molecular weight 

referred to oxygen as 16, is equal to 304. Therefore 

XT 11 *98* X 5*47 X 1*273 , An 

N =--= 1*99, 


i.e., there are two molecules in the unit cell. 

The axial ratio obtained from X-ray measurements is a : c = 1 : 0*457. An 
almost identical value 1: 0*324 X \/2 = 1 : 0*458 results from crystallo¬ 
graphic measurements, provided that the axes are referred to the smallest unit 
cell obtained from X-ray observations. 

It was soon seen that the crystals had not the symmetry of the ditetragonal 
bipyramidal (or holohedral) class, but only that of the tetragonal bipyramidal 
class, there being no planes of symmetry parallel to the tetragonal axis. This 
is well shown in a series of oscillation photographs about the c-axis, of which 
the one due to oscillation through five degrees on either side of the (110) plane 
is reproduced here. The Laue photograph (also reproduced in this paper) 
taken with the c-axis vertical and the X-ray beam perpendicular to the (100) 
plane shows only one plane of symmetry, and that perpendicular to the 
c-axis. 

In order to find the space-group, a number of reflections from planes having 
spacings ranging from those of the axial planes down to about 1*7 A.U. have 
been identified. This was done with the aid of Bernars method,* which was 
found to be extremely useful in this case. No general halvings were found, 
but it was noticed that no odd order reflections from planes of the form ( hko ), 
where ( h+lc ) is odd, appeared on the photographs. This led to the conclusion 
that the crystals are built on a simple tetragonal lattice, T u the only possible 
space-groups being C ih 3 and C 4 /, 4 . In addition to the halvings mentioned above, 
it was found that the (001) plane was also halved, from which it is concluded 
that the space-group is <v. 

Sinoe the (001) halving is of very great importance in determining the mole¬ 
cular symmetry, the observations, which led to it will be described in detail. 
The rotation photographs about the [100] and [110] axes show a reflection for 
the second order only of the (001) plane. In the [100] photograph, a spot is 
found on the zero layer line in such a position that it might be due to the k a 
reflection from the (001) plane or to the k a reflection from the*(011) plane. 
Now, for the distance, 3 cm., from crystal to photographic plate as used in 
these photographs, the calculated positions of the two reflections differ only 
* Bernal,' Boy. Soc. Proo.,’ A, vol. 113, p. 117 (1626). 
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by 0 *06 mm., so that by their position alone they are indistinguishable. But in 
the [110] axis photograph, the spot no longer appears. It must, therefore, 
be due to the (Oil) k$ reflection, for if it were due to the (001) Jc u reflection, it 
should still appear in the same position as before. As a further test, a careful 
examination on the Bragg ionisation spectrometer was made for the various 
orders of the (001) plane, both by Mrs. Kathleen Lonsdale (to whom the 
author's thanks are due) and by the author, with the result that all orders 
except the second up to the eighth order were found to be absent. 

As an alternative, it might be suggested that the crystals belong to the 
tetragonal pyramidal class without a plane of symmetry perpendicular to the 
tetragonal axis. Whether this plane of symmetry really exists or not, it would 
appear in an X-ray examination, because owing to their automatic addition 
of a centre of symmetry, the X-rays cannot distinguish between an axis of 
symmetry with a symmetry plane perpendicular to it and an axis of symmetry 
alone. But the halvings of the spacings of the (hko) planes, where (A+fc) 
is odd, makes the tetragonal pyramidal class unlikely. For, if the crystals 
belong to that class, these halvings must be regarded as accidental.* It may 
be emphasised too that by means of a series of oscillation photographs about 
the [001] axis, the crystals have been specially explored for {hko) planes. 

The space-group C^ 1 with only two molecules per unit cell necessitates 
each molecule having four-fold symmetry, the only possible type in this space- 
group being a four-fold alternating axis. The molecule is of the form shown 
in fig. 1. The four — CH a OCOCH 8 radicals attached to the central carbon 
atom must be regarded as four asymmetric 
units and the symmetry of the central carbon 
atom must approximate to that required by 
the space-group, i.e., a four-fold alternating 
axis. Such an arrangement is well in accord 
with chemical and physical considerations, the 
valency distribution from the central carbon 
atom being a reasonable one. 

A. Oerstacker, H. Holler and A. Reisf 
recently published an account of an X-ray 
examination of pentaerythritol tetra-acetate, in which they describe the 
crystals as belonging to the space-group C^ 3 , and arrive at the conclusion 

* Astbury and Yardley,« Tabulated Data for the Examination of the 230 Space-groups 
by Homogeneous X-ray a,” ‘Phil. Trans. Roy. Soc., Lond./ A, vol. 224, p. 239 (1924). 

t 4 2. Kryst., 1 vol. 60,3/4, p. 365 (1928). 
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that the molecule lias a simple tetragonal axis of symmetry and » of the 
form shown in fig. 2 (reproduced from fig. 1 of the author's paper). Bore 

all four valency bonds from the oentr&I carbon 
atom are directed away from it towards a 
square base, giving polarity to the molecule. 
Such a distribution of the valencies of a carbon 
atom is quite unsupported by any physical or 
chemical evidence. It is natural, therefore, to 
look for very weighty reasons before accepting 
such a view. 

As pointed out elsewhere* the evidence 
shown by these authors for the space-group 
C^* is very slight, depending only on the 
observation of a reflection of the first order from 
the (001) plane. This reflection is only 
mentioned as occurring in an oscillation photo¬ 
graph about the [100] axis, using copper radiation, and neither the range of 
the oscillation nor its angular relation to any plane appears to be stated. It is 
not possible, from the information given, to say with certainty that this 
observed reflection is due to the k a reflection from the (001) plane or that it is 
not due to the ^reflection from the (Oil) plane, as found here (see above). 

Even if the space-group C^' given by Gerst&cker, Mailer and Reis were 
correct, there would still be the choice between a tetragonal alternating axis 
of symmetry, where the central carbon atom of the molecule would be playing 
its expected part, and a simple tetragonal axis, where it would not. The 
authors have chosen the latter symmetry on the grounds that such a molecule 
would lead to a more chain-like structure than the former, and that on account 
of the prismatic growth of the crystals and the shortness of the c-axis compared 
with the a-axis, they would expect a chain structure. They also state that 
in a chain structure it is to be expected that the length of the chain will be 
parallel to the axis of highest symmetry of the orystal. 

Now the results of X-ray crystal analysis, so far obtained, do not indicate 
an association between chain structure and prismatic growth. On the contrary, 
there is a strong tendency for crystals with a chain struc tur e to adopt a thin 
tabular habit. Such is the case in the many long chain oarbon compounds, 
which have been examined by X-rays and moreover in these the length of 
the chain is perpendicular to the plates. Again, prismatic growth is a oommon 
* Xaaggs, ‘ Nature,' voL 121, p. 6W (1918). 
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feature of many crystals in which there is no approach to a chain structure, a 
striking example being the metallic tetraphenyl compounds examined by 
George.* So that even with the space-group no valid reason has been 
given for regarding the molecule as having a simple tetragonal axis of symmetry 
with the consequent abnormal central carbon atom. 

In the space-group C 4?l 4 arrived at here, the two molecules of the unit cell 
have the equivalent positions 000; \\\. Thus, there is a molecule situated 
at each corner of the unit cell, and at the centre of the cell a molecule, derived 
from any of the others by rotation about a screw axis, parallel to the c-axis 
and situated half way along an a or b edge of the cell or by reflection across a 
glide plane perpendicular to the c-axis. 

Any attempt to discover the arrangement of the atoms in the cell will be 
made easier by the certain knowledge of the co-ordinates of the central carbon 
atoms of the two molecules, these being fixed by the molecular symmetry as 
000 and The eight ~CH a OCOCH 3 groups must occupy the equivalent 
positions, xyz\ y, x, ; xyz\ y, x , z+\ ; a?, y, i; y+£> as, 

z ; y+|, z ; y, x+i, £—z.f This results in there being 30 un¬ 

known parameters, since there are 10 atoms in each — CH 2 OCOCH 3 group, and 
3 parameters x, y, z must be determined to fix the position of each atom. The 
labour invol ved in determining these parameters would be very great, and, in 
the present paper, it is not proposed to undertake any such complete solution. 
But a consideration of the relative intensities of some of the more important 
planes leads to certain suggestions as to what is likely to be the main outline 
of the structure. 

In Table I is given the relative intensities observed for the strong planes 
and some of the weak planes of low indices. These intensities have been esti¬ 
mated by eye from overlapping oscillation photographs, and are only approxi¬ 
mate and uncorrected for falling off of intensity with the reflecting angle. 
The standard used is that described by Robertson^ where very strong (v.s.), 
strong (s.), medium strong (m.e.), medium (m.), weak medium (w.m.), weak 
(w.), very weak (v.w.) are approximately in the ratio of 100:42 :18: 7:3: 
1*3: 0*5. 


* George, ‘ Roy. Soo. Proc,,’ A, vol. 113, p. 586 (1027). 
t Wyokoff, ‘The Analytical Expression of the Theory of Space-groupe.* 
J *R0y. Soo. Proc./ A, vol, 118, p. 712 (1028). 
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Table I. 


Intensity. 

Planes, 

V.8. . 

101 , 110. . 

201,130,111,121,241, 

400, 310, 330, 240, 302, 211. 

401,420,440,131. , 

202 ,222. 

002 , 600,601,601,221. 

202,402,301,220, 312,311. 

8. ... 

m.s. 

m. 

w.tn.. 

w. . 

v.w. or absent . 



Of the (hko) planes, it will be seen that the strongest reflections are obtained 
from the (110) and the (130) planes. It is likely, therefore, that the atoms of the 
—CHjOCOCHg groups will be concentrated approximately in one of these two 
sets of planes. An arrangement in the 110 planes leads to a very uneven 
distribution of the atoms in the cell and one which is unlikely to bo stable. 
But if the groups are arranged in the (ISO) planes, a very reasonable distribution 
results. 

Of the (hoi) planes, the (101) and the (201) give the strongest reflections, so 
that the —CH 2 OCOCH 8 groups probably lie in or near one of these sets of 
planes. If in the (101) planes, then the (111) planes should give strong reflec¬ 
tions, which they do. Arrangement in the (101) and (201) result in angles of 
about 132° and 95° respectively between the general directions of the 
—OH a OOOCH s groups. It is still perfectly possible for the valency bonds 
from the central carbon atom to be directed tetrahedrally to the first carbon 
atoms of these groups, thus making an angle of 109° 28' with one another, 
for the atoms of the groups will not be arranged in a straight line. On the 
other hand it is conceivable that there may be some distortion from the true 
tetrahedral angle, but this is not likely to be very great. 

Figs. 3, 4 and 5 are drawn on the assumption,that the — CH 2 OCOCH s 
groups lie in or near the (130) and (101) planes. Fig. 3 showB the form the 
pentaerythritol moleoule would then take. Fig. 4 is a projection on the (001) 
plane, the molecule in the centre being situated half-way down the cell with 
respect to those at the corners, part only of the latter being shown. Both 
these figures are simplified by the omission of hydrogen atoms. Fig. 5 is 
intended to represent the arrangement of the molecules as seen from the 
(100) plane. The broken lines represent molecules situated half-way between 
the (100) planes. 
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Summary. 

Pentaerythritol tetra-acetate is found to crystallise in the tetragonal 
bipyramidal class; the orystals are built on the Bravais lattice r< and the 
space-group C^ 4 ; there are two molecules in the unit cell, which has the 
dimensions 11-98 2 X 5>47 A.U. 

The molecules possess a four-fold alternating axis of symmetry. 

A probable structure is suggested from whiob it follows that the symmetry 
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of the central carbon atom may be tetrahedral, though some slight departure 
from true tetrahedral symmetry is possible. 

I desire to express my warmest thanks to Prof. Sir William Bragg for his 
encouragement and helpful interest. I am also indebted for their advice and 
criticism to my colleagues at the Davy Faraday Laboratory, especially to Dr. 
Muller. The work waB carried out during my tenure of the Hertha Ayrton 
Fellowship, and I wish to thank both the Council of Girton College and the 
Management of the Royal Institution for financial assistance. My thanks are, 
moreover, due to Prof. J. F. Thorpe and Prof. C. K. Ingold, through whose 
kindness a pure sample of pentaerythritol tetra-acetate was prepared for me 
in the Organic Chemical Laboratory of the Imperial College of Science and 
Technology. 


Investigations on the Scattering of Light in Colloidal Solutions 
and Gels. Part I —Agar Sol and Gel. 

By K. Kkjshnamtjbti. 

(Communicated by F. G. Donnau, F.R.S.—Received August 1, 1928.) 

Introduction. 

One of the fundamental problems in the field of colloids is the investigation 
of their structure. This is a subject of considerable importance and has been 
attracting a great deal of attention from workers in this field. A systematic 
study of the various physical properties of colloids is essential for a clear 
understanding of the nature of the colloidal state. The optical properties 
are of special importance as they have the great advantage of revealing the 
structure of colloidal systems without disturbing their internal equilibrium. 
They furnish direct information concerning the size and the shape of the 
colloidal particles. 

In a series of papers, of which this is the first, the author proposes to publish 
investigations on the scattering of light in colloidal solutions and gels. An 
attempt will be made to discuss the various problems concerning their structure, 
as revealed by the study of the Tyndall efieot in such systems. 

The ultra-microscope is extremely useful, where it can be used, in Revealing 
the actual state of particles in the sols and gels. But, it cannot be applied in 
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the investigation of all sols, as it has certain limitations, viz., when the particles 
have diameters of the same order of magnitude as the wave-length of light, 
the strong light reflected from the big particles masks the Tyndall light of the 
smaller particles. On the other hand, when the partideB are too small to be 
optically resolved, or too numerous as in concentrated sols, or when the 
difference between the refractive indices of the particles and the dispersion 
medium is not appreciable, we observe only a uniform illumination of the 
field, instead of separate diffraction images of the particles. Further, in ultra- 
microscopic investigation, it is not possible to control the external conditions, 
such as temperature, etc. 

But, the observations of the light-scattering in colloids—whether lyophilio 
or lyophobic—suffer no such limitations, and hence are well suited for investi¬ 
gations of colloids and gels under different conditions. 

The first important investigations in this field were those of Lord Rayleigh, 
who developed a theory to explain the observed scattering of light in trans¬ 
parent colloids. The mathematical expression* he derived was 


where 


I a 


9v7tVA* 

XV 


/ n ,* — 

* -f 2n<?, 


\. Sin 2 0. 


( 1 ) 


I is the intensity of the scattered light, at a distance x from the scattering 
particle. 

v the volume of the scattering particle, 
v the number of particles contained in unit volume. 

X and A the wave-length and the amplitude of the incident light. 
n x and n z the refractive indices of the particle and the dispersion medium. 

0 the angle between the incident and diffracted beams. 


If we consider the intensity of the light scattered at right-angles to the 
incident beam, the above expression reduces to 


T 9v7rVA* / — n 2 * \* 

1 ~ XV \n x 2 + 2n 2 */ ' 


( 2 ) 


From this formula it will be seen that the intensity of the scattered light 
is proportional to the number of particles per unit volume, and to the square 
of the volume of the particle, and it also depends upon the refractive indices 
of the dispersion medium and the particles. 

* H. Fwundlioh, < Colloid and Capillary Chemistry,’ p. 3B1 (1926). 



78 


K. Krishnamurti. 


Formula (2) can be written as 

I = k . v . «*/X*, (3) 

where A is a constant. 

The concentration of a colloidal solution is given by 

c ~ v . v . p. (4) 

where p is the density of the particles. 

Introducing this into formula (3) we have 

I = k . cvl pX 4 . (5) 

Now for sols of the same concentration, but of varying particle size, we see 
that the intensity of the scattered light is proportional to the volume of the 
particle. (X will be a constant if we use the same source of light throughout.) 

On the other hand for sols containing particles of uniform size, but of 
different concentrations, the intensity of the scattered light is proportional to 
the concentration. 

The above expressions relate to the case where the particles are many times 
smaller than the wave-length of light and are optically isotropic and distributed 
at random. They hold good only in the case of dilute colloidal solutions con¬ 
taining very small colloidal particles. In concentrated sols, the assumption 
of random distribution of the particles, can no longer be true. If the particles 
are big, the intensity of the scattered light is not a simple function of the square 
of the volume of the particle, but is a much more complicated one. Besides, 
it has been shown that the particles in several metallic colloids are not optically 
isotropic. Hence, the expressions derived by Rayleigh are limited in 
application. 

• Rayleigh’s theory also leads to the result that the scattered light will be 
completely polarised in a direction perpendicular to the incident beam. This 
is approximately true in some colloidal solutions. But, in the case of many 
others, the distribution of the scattered light about the planes perpendicular 
to the incident beam, as indicated by Rayleigh’s theory, is no longer symmetrical. 
Further, the polarisation is maximum in a direction which makes an angle 
considerably greater than 90 s to the original beam, and here also the polarisa¬ 
tion is incomplete. These facts indicate that the relations deduced by 
Rayleigh do not hold good for coarser particles. 

Mie* studied the problem of the absorption and scattering of light by 
colloidal solutions containing particles of any dimensions. His theory relates 

* ‘ Ann. Phyaik,’ vol. 25, p. 377 (1908). 
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to spherical particles, whose electrical conduction is not negligible* His main 
conclusions are as follows :— 

(1) The distribution of scattered energy corresponds to Rayleigh’s formula 
so long as the particles are very small (of the order of 100 p,p); and the 
beam scattered at an angle of 90° to the incident beam is completely 
plane polarised (never elliptically polarised). 

(2) When the light scattered at right angles to the incident beam is not 
completely polarised, it follows that the colloidal solution contains 
particles of diameter over 100 pp. 

(3) When the particles have diameters over 100 pp, the proportion of the 
\mpolarised light in the scattered beam increases rapidly, and with 
particles of diameter 130 pp the polarisation may be about 90 per 
cent. 

(4) When the particles are of diameter over 100 pp, the direction of maximum 
polarisation of the scattered beam is displaced towards an angle greater 
than 90° from the incident beam, and with particles of size 160 to 180 pp, 
the maximum of polarisation lies about 110° to 120°. 

(5) At constant concentration, the diffused light in very fine suspensions 
increases with the particle size, and is proportional to the volume of 
the particles. 

(6) In the case of gold sols, which were studied in detail by Mie, the gold 
particles have a maximum of absorption in the green, and a maximum 
of reflection in the yellowish-red. Very small particles absorb light 
strongly and reflect weakly, and hence the red colour of the fine grained 
gold sols. With larger particles reflection becomes more predominant, 
and the maximum of absorption is much flatter and is displaced towards 
the red side of the spectrum, and hence the blue colour of coarse-grained 
gold sols. 

Steubung observed that blue gold sols can also be obtained with very small 
particles—a fact which contradicts Mie’s theory. Gans* has obtained agree¬ 
ment with Mie’s theory as well as Steubung’s results by assuming that the 
particles may be ellipsoidal in form. The mathematical calculation of such 
a problem is very difficult; and Gans has endeavoured to solve it by confining 
himself to particles whose linear dimensions are small compared to the wave¬ 
length of light. His main results may be summarised as follows :— 

* * Asm. Phyaik,’ vol. 37, p. 881 (1912), vol. 47, p. 270 (1913), voL 62, p. 331 (1920) ; 
*Z. Phymk,* vol. 17, p. 363 (1923), vol. 30, p. 231 (1924). 
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(1) The appearance of the absorption curve depends very greatly on the 
shape of the particles. 

(2) From the spectrophotometric observations of Steubung it could be 
concluded that, in general, the shape of the particles does not deviate 
very much from the spherical form ; but the observations of polarisa¬ 
tion show that the particles must deviate a little from the spherical 
form. 

(3) The light, scattered sideways from a colloidal solution is completely 
plane-polarised when the particles are spherical; it is partly depolarised 
when the shape of the particles is different. The extent of depolarisa¬ 
tion is greater, the more the shape of the particles deviates from the 
spherical form. Hence, the measurements of the depolarisation of the 
scattered light is a means of determining the shape of the particles. 

(4) The smaller the particles, the more complete is the polarisation of 
the scattered light, and the coarser they are, the greater is the 
depolarisation. 

W. Schoulejkin* has shown that, with colloidal particles whose diameter 
is approximately equal to the wave-length of light, the law of scattered radia¬ 
tion is very different from that of small particles, as given by Rayleigh’s 
formula. The polarisation is also in a different plane ; and the maximum of 
polarisation is displaced towards angles greater than 90° and even here it is 
not complete. In the case of very big particles reflection takes place. There 
is thus a continuous change from scattering (diffraction) of light to reflection 
as we pass from very small to very big colloidal particles. 

It will thus be seen that the study of the intensity and depolarisation (t.e., 
the ratio of the unpolarised to the polarised light) will give valuable informa¬ 
tion regarding the size and shape of the colloidal particles. The object of the 
present investigation is to gain insight into the formation of ooiloidal solutions 
and gels and other problems connected with their structure by a systematic 
study of the light-scattering in such systems. In this paper the results obtained 
with agar sols and gels will be described and their bearing on the theory of gel- 
structure discussed. Agar sols have been selected for work, because they can 
be rendered very clear and transparent by filtration, they set to gels even at 
very low concentrations, and further it is possible to obtain the same agar 
solution both in the sol and the gel Btates at the same temperature. 

* ‘ Phil. Mag.,’ voJ. 48, p. 307 (1824). 



Scattering of Light in Colloidal Solutions and Gels. 


81 


Experimental. 

Measurement of the Relative Intensity of the Scattered Light. 

The apparatus used for the measurement of the relative intensity of the 
light scattered by the colloidal solutions is described below and shown in 

% I- 



P is the tungsten arc of a pointolite lamp (1000 candle power) enclosed in a 
big wooden box which is painted inside and out with non-reflecting black. 
The intense white light is rendered nearly parallel by the lens L. This is done 
by focussing the arc on a distant screen or wall. C is a cell with plane parallel 
faces, containing cold distilled water, which is used to remove the heat rays 
from the beam of light. (Tt has been shown that cold water is quite as efficient 
as alum solution in absorbing heat rays, and it has the advantage that it does 
not become turbid after long continued use, cf. Coblenz, Carnegie Institute 
Publications, Part VI, p. 47 (1908). 

8|, 8S 8 are three circular slits placed in the path of the incident beam so as 
to cut off the stray light. 

This arrangement gives an intense, steady parallel beam of light, which 
passes through the bottle B x containing the liquid standard for comparison 
and then through the bottle B a containing the colloidal solution for examina¬ 
tion. The battle B s is immersed in a tank with a metal frame fitted with 
four plates of good glass, which have been tested and found to be free from 
optioal defects. Some convenient liquid (usually water) is poured into this 
tank to serve as a bath, and is maintained at a definite temperature. The 
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bottles B x and B 2 are rectangular and have parallel sides. They are painted 
with dull black except in certain positions on the sides for the passage of the 
incident and scattered beams of light. This is to secure a dark background 
against which the scattered light may be observed. The beams of light 
scattered at right angles to the incident beam by the liquid standard and the 
colloidal solution are viewed through two small rectangular apertures A. t 
and A a (about 6 mm. X 4 mm.) and are matched in intensity by means of the 
Abney rotating sector photometer D, in which the angle of the sector could be 
varied during its rotation. 

Some of the important conditions for accurate photometry are :— 

(1) The patches of light to be compared should be equal in area. 

(2) They should be contiguous, so that the line of separation between the 
two may disappear when the match is perfect. 

(3) The two patches should be of the same colour. 

The first of these conditions is satisfied by making the apertures A t and A 2 
equal in area*. The second is fulfilled by the following device : 

The scattered beams of light from the liquid and the colloidal solution are 
initially separated by about 1*5 inches, so that accurate matching is almost 
impossible. They are brought together so as to be adjacent by interposing 
in the path of the beams two optical rhombs Rj and R 2 , which, when placed in 
a certain position (to be ascertained by trial), cause the two parallel scattered 
beams to suffer total reflection twice at right angles, so that they finally emerge 
as two parallel beams adjacent to each other. 

The two optical rhombs are of the same material and dimensions, so that the 
diminution in intensity suffered by the two scattered beams while passing 
through the rhombs is the same, and hence the ratio of their intensities remains 
unaltered. 

The third condition is satisfied (if the tint of the scattered beam from the 
sol differs from that of the liquid standard) by introducing a suitable colour 
filter (usually a Wratten photometric blue filter) in the path of the former 
beam. 

The light scattered by some of the sols and many of the gels is much more 
intense than the faint bluish light scattered by the liquid standard. Hence to 
facilitate comparison, a neutral tint filter (or photometric blue filter) of the 
required density is placed in the path of the beam scattered by the colloidal 
solution or geL 

It is also essential for accurate photometry to prevent any stray light from 
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affecting the eyes of the experimenter. With this object, the rotating sector 
and the support for the optical rhombs are enclosed in a box, painted with non- 
reflecting black, and open on one side, through which the observations are 
made, while the opposite side has two apertures through which the two 
scattered beams enter the “ observation box.” 

The readings were taken when the eye had become accustomed to the dark¬ 
ness of the room. This generally takes a few minutes. The readings obtained 
were quite reproducible. 

Measurement of the Depolarisation of the Scattered Light, 

The degree of depolarisation of the scattered light is determined by means 
of the apparatus shown in fig. 2, and described below. 

The scattered light is observed through a double image Wollaston prism W, 
which gives two images whose intensities are 
in the same ratio as the polarised components 
of the scattered light. These two images are 
equalised in intensity by rotating the nicol N, 
which is mounted in a brass tube T. 

Attached to the tube T is a pointer P, the 
free end of which moves round a circular 
scale graduated in degrees. As the nicol is 
rotated two positions can be found in which 
the images appear to be of equal intensity. 

If the angle between the two positions of the 
nicol be 2a, then the ratio of the intensities 
of the weak component to the strong com¬ 
ponent of the scattered light is given by tan 2 a. This gives the depolarisation 
factor 0 of the scattered light. 

Using this apparatus the extent of polarisation of the scattered light in a 
direction perpendicular to the incident beam was determined. A set of read¬ 
ings was obtained and their average taken as the final value. 

Standards used for Comparison of the Intensity of the Light Scattered by the 

Colloidal Solutions and Gels, 

The relative intensity of the light scattered by the colloids is determined by 
comparing it with the light scattered by a standard. Previous workers on the 
Tyndall effect in colloids used colloidal suspensions as standards for com¬ 
parison. Several such standards have been tried by the author, and found 

o 2 
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to be unsatisfactory, as there was always the uncertainty of obtaining exactly 
reproducible suspensions. If the suspensions are coarse, they settle down in 
course of time, or in the caRe of finely-dispersed colloids a steady change takes 
place from day to day due to ageing. Further, with the arrangement used 
for measuring the intensity, it is not possible to use any colloid or coarse sus¬ 
pension, as this cuts down a good portion of the incident beam of light before 
this enters the colloid to be examined. Considering all these difficulties, it 
was thought best to use a liquid as a standard. The advantages of using 
this are:— 

(1) The liquid undergoes no change whatsoever even after a considerable 
length of time. 

(2) The light scattered by the liquid, being truly molecular, is the same in 
all samples of the particular liquid, provided it is pure and dust free. 

(3) It can be obtained in a pure condition and rendered dust free by 
distillation in vacuo. 

(4) The intensity of the light passing through is very little affected by the 
liquid. 

Carbon-bisulphide has been found very suitable as a standard, since the 
light scattered by this liquid is quite considerable compared to other liquids. 
But when the light scattered by the sol is very feeble, benzene has been used 
instead. These liquids could be rendered dust free by distillation in vacuo 
without ebullition. 

Preparation of the Agar Sols.—A weighed quantity of pure agar (with an 
ash content of 2*1 per cent.) in the form of fine powder, is stirred with the 
required amount of conductivity water in an Krlenmeyer flask. This is 
gradually brought up to boiling with frequent stirring, and is then heated 
slowly for a few minutes longer. The water lost by evaporation is made up 
approximately by the addition of the requisite amount of water. The sols 
so obtained are turbid, and are therefore not suitable for the measurement of 
light-scattering. They are rendered quite clear by filtering through a filter 
paper, the filter funnel being placed in a hot water funnel. The filtrate is 
collected in the bottle (used for the measurement) which is immersed in hot 
water, so that the sol may not set to a gel. The filtration is extremely tedious 
in the case of sols of more than 1 per cent, concentration. 
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Results and Discussion. 

1. Effect of Temperature on the Light-scattering of Agar Sols and' Gels , 

When an agar sol of as low a concentration as 0 • 5 per cent, is cooled to 35° C. 
it sets to a gel. On heating it “ liquefies again, but not until a temperature 
of about 90° is reached. Below 90° the gel does not liquefy however long it 
may be maintained at that temperature. These sols thus show a marked 
hysteresis. This fact enables us to obtain them either in a sol or gel condition 
at any temperature between 35° and 90° C. 

Sol-Gel Transformation .—During the transformation of an agar sol to a gel, 
a change in several properties of the system occurs ; for example, the viscosity 
increases, the clear sol becomes opalescent, and it acquires elastic properties 
which were initially absent in the sol state. The property which has been 
hitherto investigated in great detail by previous workers during the sol-gel 
transformation is the viscosity. A completely continuous change has been 
observed during this transition. But the viscosity measurements are very 
unreliable during the process of setting, and hence cannot help us to gain an 
insight into the mechanism of gel-formation. 

As pointed out in the introduction, the measurements of light-scattering 
have the great advantage of revealing the delicate changes in the system without 
disturbing it. The following investigation deals with the variation in the 
intensity and depolarisation of the light scattered by agar sols during the 
transition into the gel state. It was possible to ascertain the nature of this 
change, at what temperature it commences, and whether gelatinisation is a 
continuous process or not. The following table gives the results of the 
measurements of the intensity and depolarisation of the light scattered by a 
1 per cent, agar sol at different temperatures ranging from 80° to 25° C. The 
results obtained are significant in relation to the problem of gelatinisation. 
The figures in column (2) express the ratios of the intensity of the light scattered 
by the agar sol to that of the liquid standard, viz., carbon bisulphide. (These 
are also called the tf Tyndall numbers, 5 ') Those in column (3) give the de¬ 
polarisation factor 8, which is the ratio of the intensity of the weak component 
to that of the strong component in the scattered light. 

It will be seen from the results in Table I that— 

(1) The light-scattering capacity of the agar sol does not undergo any 
appreciable change as it is cooled from 80° to 40°. A steady rise in the intensity 
of the scattered light begins at about 35° C., and below this temperature the 
Tyndall number increases rapidly. The sol sets to a gel at about 33°, when 
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the Tyndall number is 35. In fact, even at 35° it iB possible to obtain a gel 
by keeping the sol at this temperature for some time. 


Table I. 


Temperature. 

Intensity (C.S a ~ 1). 

Depolarisation factor. 

1 

o 


| Per cent. 

75 

10*5 

7*2 

70 

10*5 

7*2 

00 

10*6 

7-2 

50 

10-0 

7*2 

40 

10*9 

7*2 

35 

140 

7*2 

33 

35*2 

7*2 

31 

44*0 

0*2 

30 

60*7 

8*2 

29 

70*4 

9*4 

27 

88*0 

10*6 

25 

98*2 

12*3 

18 | 

110*0 

16*3 


(2) The increase in light-scattering commences before the actual gelation 
and it continues to increase long after the whole system has set to a rigid gel. 
There is no abrupt change just at the point of gelation. 
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The variation of the Tyndall number with temperature is shown in fig. 3* 
It will be noticed that at about 35° there is a marked change in the direction 
of the temperature—Tyndall number curve. At about 20° the change in the 
intensity of the scattered light is slow, but a constant value is not reached 
until the temperature is about 18° C. 

(3) There is also a marked change in the depolarisation factor 0 of the 
scattered light during the sol-gel transformation. As the sol is cooled from 
80° the depolarisation remains unchanged until a temperature of 35° C. is 
reached. At about 31° a small but perceptible decrease in 0 is observed, and 
below this temperature the depolarisation steadily increases till about 18°, 
when a constant value is attained. 

(4) The change in depolarisation is observed after the intensity of the 
scattered light has increased appreciably. 

Discussion .—An increase in the number of colloidal particles or their size 
will be indicated by an increase in the intensity of the scattered light. It will 
therefore be seen from Table I that, until a temperature of 35° is reached, 
there is no indication of any change in the colloidal particles. But at 35° 
a steady increase in the Tyndall number commences, which may mean that 
either fresh colloidal particles are being formed or their size is increasing, or 
both. It will also be noticed that the change in the depolarisation factor 0 
is not appreciable until a lower temperature is reached. 

A change in the depolarisation can, in the present case, be brought about by 
the following factors ;— 

(1) An increase in the size of the particles, which has the effect of increasing 

the proportion of unpolarieed light in the Tyndall cone, and hence the 
depolarisation factor. 

(2) A change in the spherical symmetry of the particles. An increase in 
spherical symmetry tends to decrease the depolarisation factor of the 
scattered light, while a departure from it causes 0 to increase. 

A mere increase in particle size increases 0, but if this tends to the 
formation of particles which have greater spherical symmetry than the 
original colloidal particles, 0 decreases. Thus, these two factors act in 
opposite directions. The actual effect observed, viz., that at first the depolarisa¬ 
tion factor decreases slightly till 31°, and then steadily increases, depends upon 
which of the two factors is more appreciable. In the case of a 0*2 per cent, 
agar sol the depolarisation factor decreases very markedly while the intensity 
I increases. A deorease in 0 cannot here be due to a diminution in particle 
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8use daring gelation, since such a view is contradictory to ordinary experience, 
and since, what is more important, the intensity of the scattered light increases 
steadily during gelation. Hence, the only possible explanation of the decrease 
in the depolarisation of the scattered light as its intensity increases is that the 
colloidal particles, while they increase in size, become more spherical at the 
same time. In the earlier stages of the growth of the particles the increase in 
their spherical symmetry is very pronounced, and hence 0 tends to decrease. 
But below 30° we find that the depolarisation increases with the intensity, 
thereby indicating that an increase in the size of the colloidal particles or their 
aggregates is of importance in determining the depolarisation of the scattered 
light. This is probably true to a greater extent at still lower temperatures 
when the particles apparently suffer no further alteration in shape. 

The question naturally arises whether the agar sols above 40° are molceularly 
dispersed or contain colloidal particles. The method of preparation shows 
that the dispersion of agar in water can be brought about by beating. It 
seems probable that the important factor which causes this dispersion is the 
strong affinity of the agar micelles for water. The water tries to penetrate 
through the pores of the solid agar, and causes it to be split up into separate 
micelles. The higher the temperature, the greater the facility with which 
this subdivision of agar takes place. When the whole process is completed 
we get a dispersion in which each micelle is surrounded by a hydration layer. 
These micelles need not all be of the same type ; some may be monomolecular 
and others polymolecular. In other words, part of the agar is probably in the 
molecularly dispersed condition and the rest in the form of colloidal micelles. 
The strong Tyndall cone from the agar sols of 1 per cent, concentration or 
more is a sure indication that part of the substance must be present in the 
colloidally dispersed condition. 

On the other hand, in weak sols of about 0 • 2 per cent, concentration, the 
agar is molecularly dispersed to a large extent, as shown by the very low light- 
scattering capacity of such sols. Thus the colloidal content increases with 
the concentration of the sol. 

It, therefore, seems very probable that an agar sol is a colloid having as its 
mtennicellary liquid a molecular solution of agar. When the sol is cooled, 
the hydration of the colloidal particles increases very appreciably, thereby 
reducing the amount of “ free water ” in the intermicellary solution. This, 
together with the decrease in solubility of agar due to a lowering of temperature 
causes the intermicellary liquid to become supersaturated. As a result, fresh 
oolloidal particles will be formed, and when these are sufficiently numerous, 
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the further supersaturation will be relieved by the condensation of the dissolved 
agar on the particles already present in the sol. This brings about an increase 
in the size of the particles, and also tends to make them more spherical in shape. 
The phenomenon of gel-formation is essentially due to the union of the hydrated 
particles, enmeshing the intermicellary liquid. This confers on the system the 
rigidity which is characteristic of a gel. The coalescence of the hydrated 
particles takes place altogether independently of their growth in size, and hence 
there is no sudden change in the light-scattering during the process of gelation. 

That at first fresh particles are formed is shown by the fact that the intensity 
of the scattered light increases while the depolarisation remains constant for 
some time. For mere increase in the number of colloidal particles has no 
marked effect on the depolarisation factor. This follows from the fact 
that agar sols of different concentrations above 40° all exhibit the same 
depolarisation though the intensity of the scattered light varies. The 
subsequent increase in the size of the particles is indicated by the change in 
the depolarisation factor as the Tyndall number increases. 

Gel-Sol Transformation .—By heating an agar gel to a temperature of about 
90° it can be converted into a sol, which has exactly the same light-scattering 
capacity as the original sol. It is a matter of interest to determine whether 
the change in light-scattering during the gel-sol transformation is continuous 
or abrupt. Table II contains results for the intensity and depolarisation of 
the light scattered by a 1 per oent. agar gel at different temperatures during 
its conversion into a sol. 

Table II. 


Temperature. 

Intensity (CS, =»1). 

Depolarisation factor. 

c 

i 

Per oent. 

15 

no-o 

160 

20 

110 0 

16*0 

30 

110-0 

16-0 

40 

107-4 

15-6 

50 

07-7 

140 

60 

88*0 

11 2 

70 

73*5 

9-7 

75-80 

58-5 



It will be seen from the above data that the light-scattering of the agar 
gel does not undergo any appreciable change till about 40°; but if the tempera¬ 
ture be raised about 40°, both the depolarisation and intensity of the scattered 
light gradually decrease. This indicates that though the gel remains quite 
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rigid till about 90°, the colloidal micelles which form the gel undergo a continuous 
change in size—they become smaller* 

It has been shown from the measurements of relative viscosity as well as 
the light-scattering of a 0*5 per cent, agar sol at different temperatures, that 
the hydration of the colloidal particles increases with a lowering of temperature. 
It is obvious that an increase in tomperature will have the reverse effect, viz., 
to decrease the water of hydration, i.e the amount of water present in the 
intermicellary liquid in the gel increases with the temperature. Hence, more 
of agar diffuses from the “ gel micelles ” into the intermicellary liquid, thus 
causing the agar particles to decrease in size. 

The fact that the gel remains quite rigid even at a temperature which is 
much higher than the “ setting point,” suggests that the particles in the get 
are linked together to form a structure. As shown above, these particles 
become smaller with increasing temperature, until finally the forces holding 
them together become so feeble that they fall apart. This results in the 
“ melting ” of a gel. 

The following experiments provide quite definite evidence in support of 
the above view. When a dilute agar sol is shaken with enough alcohol the 
sol becomes very turbid, due to the precipitation of agar in the form of fine 
particles. If, on the other hand, a weak gel of 0*2-per cent, concentration 
be similarly treated, the gel-micelles become dehydrated and separate out as 
coarse flocculi, which settle down after a time. 

Again, on gradually cooling a 1 per cent, agar sol a homogeneous gel will be 
formed ; but, if the cooling be not uniform throughout the sol, flocculi separate 
out at the “setting point.” These observations evidently show that the 
micelles present in the gel are much coarser than those in the original so\ r 
and that they are linked together. 

Comparison of the Scattering of Light in Agar Sols and Gels at the same 

Temperature . 

Even a superficial examination of agar sols and gels of the same concentra¬ 
tion and at the same temperature reveals that the gels are more opalescent 
than the sols. In Table III the results of light-scattering obtained with 
1 per cent, agar sol and gel at the same temperature are given. At all the 
temperatures ranging from 40° to 70° the measurements are made after 
equilibrium has been attained : i.e., no further change in the Tyndall number 
is noticed even after keeping it for several hours. 
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Temperature. 

Intensity of 
scattered light 
in sol state. 

Intensity of '■ 
scattered light 
in gel state. 

Ratio. 

o 

70 

10-5 

• 

73-5 

7-0 

60 

10-tt 

88*0 

8*3 

50 

106 

97*7 

9*2 

40 

10-1) 

107*4 

9*9 


A comparison of the Tyndall number in the sol and gel states shows that, 
at all the temperatures, the gel scatters more light than the sol. It will also 
be noticed that, with increasing temperature, the difference between the sol 
and gel tends to diminish. 

Hatschek and Humphrey* found that the conductivity of an agar gel 
containing copper sulphate was about 2 per cent, greater than that of the 
corresponding sol at the same temperature. This difference could not possibly 
have been due to any experimental error. Hatschck’s explanation is that 
gelation is the segregation of a phase much richer and an aqueous phase much 
poorer in agar than the sol, so that the aqueous phase which is supposed to 
carry most of the current offers less resistance than the more viscous sol. 
Yon Weimarn, on the other hand, attributes this difference in conductivity 
to an aggregation of the colloidal particles, and the consequent desorption of 
the electrolytes by the agar. 

It is evident that the increase in conductivity in the gel state must be due to 
some factor which increases the concentration of the electrolyte in the inter- 
micellary liquid. It appears very probable that this factor is the capacity of 
the agar particles to adsorb water in preference to the electrolytes, so that the 
distribution ratio of the electrolyte (copper sulphate in the present case) 
between the intermicellary liquid and the adsorbed water is greater than one. 
This explanation is based on the view regarding the nature of gelation, which 
has been suggested in a previous section. 

Variation of the Intensity of the Scattered Light with the Concentration of 

the Sol 

The light-scattering capacity of a sol depends upon its concentration. The 
results showing the variation of the intensity of the scattered light with the 

* 1 Trans. Faraday Soo.,’ vol, 20, p. 18 (1924). 
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concentration of agar sols at different temperatures are given in Tables IV 
and V. The sols were all prepared in the same manner and filtered to render 
them clear and transparent* It was found very difficult to obtain sols of 
more than 2 per cent, concentration, as the filtration of such sols is an extremely 
tedious process. 

Table IV.—Sol State. 


1 

1 

Concentration. 


Intensity of scattered light (CS f “1). 

60°. 

60°. 

40°. 

35°. 

Per cent. 

0-2 

2-6 1 

2*6 

2*5 

2*6 

0-5 

67 

6-5 

6*5 

6-5 

10 

10'6 

10*6 

10*9 

14*0 

20 

13-5 

13*5 

14*7 

19*0 


Table V.-Gfel State. 


Concentration. 


Intensity of scattered light (08, =* 1). 


60°. 

50°. 

40°. 

30°. 

20°. 

Per cent. 

0*2 

12*8 

13*8 

14*7 

16*3 

16*3 

0*5 

46*8 

53*3 

53*3 

55*0 

6fi*0 

1*0 

88*0 

97*7 

107*4 

110*0 

110*0 

2*0 | 

176*0 

220*0 

1 

220-0 

220*0 

220*0 

. 


1 





On considering the results given in Table IV it will be seen that the intensity 
of the scattered light in the sol state is proportional to the concentration of 
the sol in the case of 0-2 per cent, and 0*5 per cent. sols. With sols of higher 
concentration the Tyndall number does not increase proportionately, i.e. y the 

ratio EgMljBtg falls off gndudlr. 
concentration * ' 

From Table V it will be seen that in the case of 0-5 per cent., 1 *0 per cent, 
and 2 per cent, agar gels, the intensity of the scattered light, especially at 
lower temperatures, is proportional to the concentration, whereas in the 0*2 
per cent, gel it is comparatively less. 

It will be interesting to notice that the ratio of the Tyndall number (I) in 
the gel and sol states increases with the concentration. 

The results are given in Table VI. 
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Concentration per cent. 
I in gel: I in sol . 


Table VI. 


0-2 

6-3 


0*6 

8*5 


10 

9*9 


2*0 

16*0 


The regular increase of the ratio given in column 2 evidently means that the 
micelles in the concentrated gels are bigger and more numerous than in the 
dilute ones. The formation of bigger micelles in gels has been attributed, in 
a previous section, to the supersaturation in the sols brought about by cooling. 
It, therefore, follows from the above that the amount of molecularly dispersed 
agar is greater in the concentrated sols than in the dilute ones—a conclusion 
which is in complete accord with our expectations. 

Variation of the Intensity of Scattered Light with Time . 

The light-scattering capacity of an agar sol above 40° does not undergo any 
change even on allowing it to stand at that temperature for a long time. But, 
at and below 35°, the intensity of the scattered light increases with time, 
until finally a constant value is reached. The time required for such an 
equilibrium value to be reached depends upon the temperature—the lower the 
temperature the more rapid the change, a fact which is clearly illustrated by 
the results in Table VII, which show the variation of Tyndall number with 
time. 

Table VII. 

Agar Sol (1 per cent, concentration). Temperature 35°. 


Time. 

j Tyndall number. j 

ii 

li 

Time. 

Tyndall number. 

Minute*. 

! 


Minutes. 


0 

no 


60 

31*4 

6 

12*0 


70 

36*7 

16 

13-3 


80 

40*0 

20 

15*2 


100 

47*6 

30 

20*0 


250 

05*2 

40 

24*4 


After 21| hours 

92*6 

50 

i 

27*6 

1 

1 



Agar Sol (1 per cent, concentration). Temperature 30° 


Time. 

i 

Tyndall number. 

Time. 

Tyndall number. 

Minutes. 

0 

11*0 

! 

Minutes. 

21 

68*7 

5 

12*1 

25 

67*7 

10 

23*2 

40 

73*3 

13 

26*7 

45 

76*5 

16 

36*7 

00 

88*0 

18 

48*9 

120 

92*6 
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It can be seen that the time taken for a value of Tyndall number (say. about 
100) to be reached at 35° is very long (more than 24 hours); whereas this 
value is attained in less than half-an-hour at 25°. This observation is in 
harmony with the explanation given above, that the increase in particle size 
during gelation depends upon the supersaturation existing in the solution. 
The lower the temperature the greater the supersaturation, and hence the 
more rapid is the precipitation of the molecularly dispersed agar. 

The rate of increase of the Tyndall number with time also depends upon the 
concentration of the sol, as is brought out clearly by the results in Table VIII. 
The Tyndall numbers of agar sols of different concentrations are compared 
at definite intervals of time, and the relative increase in each case indicated 
in the last column. 

Table VIII. 


Temperature 35°. 


Concentration. ; 

Tyndall number at different intervals (I). 

Relative increase 
in I in 60 mins. 

0 mins. 

| 15 mins. 

i 

1 

| 30 mins. 

1 

40 mins. 

60 rains. 

Per cent. 






Times. 

2*0 | 

191 

44*0 

53-3 

70*4 

80*0 

4*2 

10 

110 

13*3 . 

20*0 

24-4 

31*4 

2*9 

0*5 

0*5 

7*5 

8*2 

9-0 

1 

10*1 

1*6 


It will be noticed that, as the concentration of the sol increases, the Tyndall 
number increases more and more, rapidly. This is obviously due to the fact 
that the amount of the molecularfy dispersed agar is greater in the more con¬ 
centrated sols than in the dilute ones, and hence the supersaturation brought 
about by cooling is correspondingly higher. This results in the precipitation 
of more of agar from the sol. 

In all the cases referred to above, the increase in Tyndall number with time 
is quite continuous, i.e., there is no feudden change of direction in the time- 
Tyndall number curve (fig. 4). This indicates that the growth of the colloidal 
micelles takes place altogether independently of gelation. 

It is a matter of interest to ascertain, if the sudden cooling of an agar sol 
might result in the formation of a gel, without any alteration in the light¬ 
scattering capacity. Attempts have been made to examine how far this 
expectation is fulfilled. Sometimes the sudden cooling led to the formation 
of a heterogeneous gel which was turbid, and, when examined under strong 
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illumination, showed the presence of separate flocculi. But, whenever it 
was possible to obtain a clear homogeneous gel by sudden cooling, it was 
noticed that the intensity of the scattered light was distinctly higher than in 
the sol state. Thus, it was not possible to obtain agar gels, the micelles in 
which were identical in number and size with those in the original sol. 

Variation of the Depolarisation of the Scattered Light with Temperature and 

Concentration . 

It has already been shown that the intensity of the light scattered by an 
agar sol remains practically unchanged as it is cooled from 80° to 40° ; but 
at and below 35° the intensity rapidly increases. Besides the change in the 
intensity, the depolarisation factor of the scattered light also varies below 35®, 
this variation being different in sols of different concentration. The results 
obtained with agar sola of 2 per cent., 1 per cent., 0*5 per cent, and 0-2 per 
cent, concentrations at various temperatures are given in Tables IX, X, XI 
and XIL 
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Table IX.—2 per cent. Agar Sol. 


Temperature. | 

Depolarisation 

factor. 

Q 

Per cent. 

60 

8-2 

50 

8*2 

40 

8*2 

35 

8*2 

33 

8*2 

31 

10*6 

28 

13*9 

15° after several 
hours . 

21*7 


Table XI.—0-5 per cent. Agar Sol. 


Temperature. 

Depolarisation 

factor. 

! 

Per cent. 

60 

7*2 

50 

7*2 

40 

7*2 

35 

7*2 

n 

7*2 

30 

6*2 

28 

5*3 

25 

4*9 

20 

4*9 

10° after several 
hours . 

7*2 


Table X.—1 per cent. Agar Sol. 


Temperature. 

Depolarization 

factor. 

O 

Per cent. 

60 

7*2 

50 

7*2 

40 

7*2 

35 

7*2 

33 

7*2 

31 

6*2 

30 

8*2 

29 

9*4 

27 

10*6 

25 

12*3 

18 

16*3 

Table XII.—0 -2 per cent. Agar Sol. 

Temperature. 

Depolarisation 

faotor. 

Cl 

Per cent. 

60 

7*2 

50 

7*2 

40 

7-2 

35 

7*2 

32 

7 2 

30 

6*2 

28 

5*8 

10° after several 


hours . 

3*8 


In the case of the 2 per cent, sol we observe a regular increase in 6 as the 
temperature is lowered below 3?° until finally, after keeping the sol for several 
llburs at about 16°, the value of 0 rises to as much as 21 *7 per cent. With a 
l per cent, sol there is a small but perceptible decrease in 6 at first at about 
32°, and below this temperature 0 steadily increases, until finally at 18° the 
value is 16-3 per cent. This decrease in 0 at first, followed by an increase, is 
more marked in the case of a 0-5 per cent, sol, whereas with 0*2 per cent, sol 
the value of 0 gradually decreases. It is thus apparent that the higher the 
concentration of the sol, the greater the tendency of the depolarisation faotor 
to increase. It is also interesting to notice that, in all cases, the change in 
the depolarisation factor commences long after the intensity of the scattered 
light has increased appreciably. 
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The following explanation is suggested for the above phenomenon: 

At about 35° the supersatuxation existing in the solution brings about, the 
formation of fresh particles. The intensity of the scattered light, which is 
proportional to the number of particles in unit volume, consequently increases ; 
whereas the depolarisation is not appreciably altered. This is followed by a 
condensation of the moleeularly dispersed agar on the particles already present 
in the sol, thus increasing their size. The intensity of the scattered light 
therefore increases. But the change in the depolarisation factor is determined 
by the shape as well as the size of the particles. The larger the particles con* 
tained in the sol the greater is the depolarisation (0) of the scattered light; 
and the more they approach the spherical shape the less the value of 0. It is 
probable that during the growth of particles, they tend to become more 
spherical due to the symmetrical condensation of agar on them. Thus 0 is 
influenced simultaneously by two factors acting in opposite directions, and 
whichever is more appreciable will naturally have the greater effect. In the 
case of a dilute sol of 0*2 per cent, concentration, the increase in the size of 
the particles is slow and comparatively small, while their tendency to become 
spherical is more pronounced, hence 0 decreases. But in the more concen¬ 
trated sols the micelles grow to bigger dimensions, due to the precipitation of 
a large amount of agar, so that this factor has, evidently, the greater influence. 
Consequently G increases as the temperature is lowered. 

According to the theory, besides the shape and size of the colloidal particles, 
the concentration of the sol should also exert some influence on the depolarisa¬ 
tion factor. ^ This appears to be comparatively small, as is shown by the results 
in Table XIII. 



Table XIII. 


] 

Concentration. 

: 

0 

in hoI state. ! 

e 

in gel atate. 

Per cent. 

Per cent. 

Per cent. 

2-0 

8*2 

21-7 

1*0 

7*2 

| 10*3 

0 -fi 

7 *2 

! 7*2 

0*2 | 

7*2 

3*8 

i 


It will be seen that in the sol state 0 does not vary appreciably with the 
concentration, whereas in the gel state the difference between the values 
of 0 for the various concentrations is very marked. It is probable that this 
VOL. exxn.—A. 


H 
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is due to the difference in size of the particles in the gels of different conoen 
trations—-the higher the concentration the bigger the particles. 


Discussion of the Theory of Gel Structure. 

The problem of the structure of gels has received a great deal of attention 
for a long time past. In spite of the enormous amount of work done in this 
field, there still appear to be fundamental differences between the views of 
the different investigators. 

Proctor,* Katz,f and others regard gels as oue-phase systems, more or less 
solid-solutions. Such a theory seems to be very doubtful, since the particles 
constituting the gels are of bigger dimensions than those required by this 
theory, as shown by the strong Tyndall light in gels. Wo. OstwaldJ considers 
them to be two-phase liquid-liquid systems, resembling emulsions. Hatschek§ 
finds this theory untenable, since the mechanical properties of such systems 
do not correspond with those of true gels. 

The theory that gels are solid-liquid systems is generally considered to be 
the most satisfactory one. According to this view, gels consist of a network of 
the solid phase, in which the dispersion medium is enmeshed. Though this 
view is accepted by many of the investigators in its general form, there still 
appears to be a want of clear agreement as to the exact nature of the framework 
in gels, and the manner in which this is formed. The most important investi¬ 
gations in this field are those of Zsigmondy and his co-workers, whose ultra- 
microscopic investigations have greatly advanced our knowledge of the 
structure of gels. Zsigmondy’s view is that the structure of gel& is granular 
or flocculant, thus supporting Nageli’s original theory. The ultramicrous 
contained in the gels are assumed to be separated by thin layers of water 
surrounding them. 

Zsigmondy and Baehmann have shown that, in addition to the grained 
structure as observed in gels of gelatin, agar, and silicic acid, some gels are 
fibrillar in structure. This was also noticed later by McBain and his co-workers 
in soap gels. As regards the exact nature of the solid phase in gels there has 
been a greal deal of discussion. 

McBain,[| from an exhaustive study of the different properties in soap sols 

* ‘ J. Ckom. Soc./ vol. 105, p. 313 (1914). 

f * Kolloidchem.,* Beibefte 9 (1917). 

t " Theory and Practice ol Colloid Chemistry,” trans. by Fischer (1917), p. 103. 

§* Trans. Faraday Soo.,’ vol. 12. p. 17 (1916). 

|1 4 J. Cham. Soo./ vol. 117, p. 1500 (192(0, 
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and gels, has put forward the view that the colloidal particles in the sol and gel 
states are identical in nature and amount, so that gels differ from sols only in 
possessing elastic properties. Light-scattering measurements in agar sols 
and gels at the same temperature and also of sodium oleate solution in the sol 
and gel conditions, show that the intensity of the scattered light is greater 
in gels than in sols. This indicates that the particles in the gel state must be 
greater in number or size or both than in the sol state. 

Further, the fact that there is a marked increase in the intensity of the 
scattered light, even before the agar sol sets to a gel, suggests that the colloidal 
particles originally present in the sol grow to bigger dimensions before the gel 
is formed. If this increase in the intensity of the scattered light were due to 
the aggregation of the micelles, there should be a sudden increase in light¬ 
scattering just at the point when the sol sets to a gel, and the Tyndall number 
should not vary any further after the, formation of the gel. But actual 
experiments show that the Tyndall number increases before the gelation point 
(especially in the dilute sols) and this continues to increase long after the whole 
system has set to a gel. 

Another observation which throws considerable light on the nature of the 
micelles in gels is that, if a dilute agar gel of 0*2 per cent, concentration be 
shaken vigorously so a8 to convert it into the fluid state, no change in the 
intensity of the scattered light was observed. This is shown by the results 
given in Table XIV. 



Table XIV. 


Temperature. j 

Tyndall number in 
,t?cl state. 

| 

Tyndall number in 
fluid state. 

1 

10 ! 

16*0 

ltt-0 

30 i 

i6*o : 

10 0 

40 i 

14-7 

14-7 

60 1 

13-6 

! 13-5 


It was observed that, however long the gel was shaken, the Tyndall number 
did not change at all. The fluid obtained by this mechanical shaking was 
much more viscous and opalescent than the original sol. The above evidently 
shows that the micelles contained in the gel are bigger than those present in 
the original sob If, according to McBain’s view, the particles were identical, 
we should expect that this mechanical shaking would, to a great extent, break 
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the bonds between the particles, and restore the original sol, with its small 
light-scattering capacity. But such is not actually the case. 

Another view of the nature of gelatinisation which apjnmrs to have attracted 
much attention is that of Bradford,* who considers that gel-formation is a 
case of crystallisation. This theory seems to have been contradicted by the 
fact that X-ray analysis has failed to show any evidence of crystal formation 
in several gels, e.g. t gelatin. 

Kraemer,*)' besides many other investigators, is of opinion that the formation 
of a gel is due to an incomplete precipitation of the disperse phase from a 
colloidal solution. If the gel formation be intimately associated with changes 
tending to precipitation, it should bring about an increase in the light-scattering 
capacity. This may be true in several cases, but the statement that gel- 
formation is associated with precipitation is not always true . This is shown 
by the fact that, when a gelatin sol (say, of 2 per cent, concentration) of pH 
3*0 is kept at about 10° for a time, a gel is obtained, the light-scattering 
capacity of which is identical with that of the sol; and this remains unchanged 
for any length of time (several months). It follows from this that the micelles 
present in the gelatin sol undergo no change during gelation. The formation 
of the gel is here obviously due to the increase in the hydration of the colloidal 
micelles and their union. 

Kraemer’s view is further contradicted by the fact observed by the author 
that an agar sol of 0*5 per cent, concentration and pH 2*4 does not set to a 
gel on cooling and leaving it overnight at the room temperature (about 10° C.) 
while an agar sol of the same concentration, but of pH 5, sets to a gel when 
similarly treated. It has been observed that the final value of the Tyndall 
number was slightly greater in the former case than in the latter. Thus, 
though the tendency for precipitation was greater in the sol at pH 2*4 it did 
not set to a gel. 

Further Kxaemer has himself observed that over a narrow region at the 
isoelectric point at pH —- 4*95, the gel-formation in a gelatin sol is very small 
(of. ‘ Colloid Symp. Monograph/ IV, p. 113 (1926)), though the precipitation 
tendency, as revealed by the increase in Tyndall number, is a maximum at 
this point. 

The above arguments show that the precipitation tendency is not always 
the main factor which is responsible for gel formation. It may be so in some 
cases. The factor which is necessary and, sufficient for gel formation is the union 

* Alexander, ‘ Colloid Chemistry/ p. 751 (1926). 
t M. Phys. Ckem., 1 vol. 29, p. 1523 (1925). 
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of the micelles . These may be monmnolecular micelles (as in the case of 
metaatyrol), colloid particles (as in cadmium gel prepared by Svedberg), or 
hydrated particles (as in the case of agar and gelatin gels)* Further, the 
micelles which unite may be identical with those present in the original colloid, 
or they may grow to bigger dimensions before they unite. The latter is the 
case when the intermi cell ary liquid becomes supersaturated with respect to 
the molecularly dispersed substance. Any factor which favours the union 
of the particles helps the formation of a rigid gel, e.<y., (1) an increase in t he 
number of colloidal micelles which brings them nearer together ; (2) an increase 
in the size of the micelles which has an effect similar to the one above. This 
explains why the more concentrated gels which also exhibit a greater light- 
sen tiering capacity are more rigid than the dilute ones. Even with gels of the 
same concentration a difference in pH may cause a difference in the strength 
of the gel e.g., a gelatin gel of pH 3*0 has a much lower light-scattering capacity 
than a gel of the same concentration but of pH 4*9, and is correspondingly 
weaker. 

The observation of Kmerner that with a. gelatin sol of pH 4*95 the gel 
formation is very small, though the Tyndall number is a maximum, can be 

explained as follows.It is known, from the measurements of Tyndall number, 

that the micelles which unite grow to very big dimensions. But the smaller 
the micelles are at the moment of binding the more uniform is the gel. Since, 
in the above case, the micelles rapidly grow to very large dimensions before 
they unite, cooling does not result in a uniform gel. 

The gels exhibit such a, great variety both in their manner of formation and 
their properties, that it is not possible to extend any single theory of gelatinisa- 
tion to all the different classes of gels. The view that a gel is a solid framework 
of fibrils which become joined at their points of intersection is not always true 
but only in some cases. As has been shown above, certain gels (e,g., gelatin 
gel at 3*0) are formed merely by the union of the hydrated micelles. In fact, 
the controversy in this field is mostly due to the fact that several investigators 
try to extend their particular theory to all gels. 

In the previous sections a conception of gelatinisation has been developed 
which appears to be in complete harmony with all the observed facts. It is 
not claimed that this view can be extended to ail kinds of gels ; but this holds 
in the ca^e of agar gels, and others belonging to the same class. 
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Summary . 

(1) The effect of temperature on the intensity and depolarisation of the 
light scattered by agar sols and gels has been investigated ; and a view regard* 
ing the nature of gelatinisation has been developed. Agar sols have been 
considered to be colloidal solutions having as the intermicellary liquid a 
molecularly dispersed solution of agar. Lowering the temperature of the sol 
to about 35° brings about a supersaturation of the molecularly dispersed agar* 
which therefore tends to precipitate. In the earlier stages it is probable that 
fresh colloidal particles are formed, but when these are sufficiently numerous 
further supersaturation is relieved by the agar condensing on the particles 
already present in the sol. Each of these micelles is surrounded by a hydration 
layer and the union of these hydrated micelles brings about the formation 
of a gel. 

(2) A comparison of the light-scattering capacity of agar sols and gels at the 
same temperature, shows that gels are distinctly more opalescent; and hence 
the conclusion is drawn that the micelles present in gels arc bigger than those 
in sols at the same temperature. 

(3) The intensity of the scattered light (I) was found to increase with the 
concentration of the sols and gels. The regular increase of the ratio between 
I in the gel and sol states with concentration indicates that the micelles in 
the concentrated gels are bigger and more numerous than in the dilute ones. 

(4) The intensity of the light scattered by agar sols increases continuously 
with tunc at and below 35° 0. ; the lower the temperature, the more rapid 
is the change. 

The effect of sudden cooling of agar sols on the formation of gels, and their 
light-scattering capacity has been investigated. It was found that, in all 
cases, the formation of a gel was accompanied by a marked increase in the 
Tyndall number. 

(5) The depolarisation factor (0) of the light scattered by agar sols and gels 
was also found to vary with temperature and concentration. With con¬ 
centrated sols 0 was found to increase steadily with decrease in temperature 
(below 35 ), whereas in dilute sols (0*2 per cent.) 0 decreases with temperature. 
With 0*5 per cent. sols 0 was found to decrease at first, and, after reaching a 
minimum, to increase again. The light these results throw on the changes 
in size and shape of the particles in agar gels has been discussed. 

(6) The existing theories of gel structure have been discussed, and the views 
of the author put forward. It has been shown that the micelles in gels are, iu 
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several cases, bigger or more numerous than those in the sol. It has been 
emphasised that gel-formation is not always associated with the tendency for 
precipitation. 

In conclusion, I desire to express my indebtedness to Prof. F. G. Donnan, 
C.BJE., F.R.8., for his very kind interest in this work, and the excellent facilities 
he has offered me for carrying out this research. My thanks are also due to 
the Government of Madras for the award of a scholarship. 


Structure of the Violet Bands of Silicon Nitride. 

By Francis A. Jenkins, Department of Physics, New York University, and 
Henry ius Laszlo, Department of Physics, Massachusetts Institute of 
Technology. 

(Communicated by Sir Hrncsl Kuthcriord, IMt.K. -Hrci*iwd August 2D 1928.) 

(Plate 5. ) 

The spectrum of the luminescence produced when silicon tetrachloride vapour 
reacts with glowing active nitrogen was first studied bv Jevons.* He measured 
the heads of a group of bands occurring in the more refrangible part of the visible 
spectrum. Those bands have single heads and are degraded towards the long 
wave-lengths. From the fact that a nitrogen-containing substance is deposited 
on the walls of the after-glow tube during the reaction, Jevons favoured the 
view that the bands are duo to a nitride of silicon (SiN), This has been verified 
in a recent study of its spectrum by Mulliken.f 
In this work, which was primarily concerned with the isotope effect, Jevons* 
measurements were revised and extended to include two faint companion 
Bystems of bands, duo to isotopic molecules containing silicon of atomic weights 
29 and 30. Further, Mulliken was able to establish spectroscopically the exis¬ 
tence of the latter isotope, when the mass-spectrograph evidence was still 
inconclusive, and he included a description of a weaker system of bands distinct 
from the above, in that the heads are double and no frequency intervals occurred 

* ‘ Roy. Soo. Proc.,’ A, vol. 81), p. 187 (1913). 
t * Phy», Rev.,’ vol. 26, p. 319 (3925). 
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which agreed with those of the stronger system. Vibrational quantum 
numbers were assigned for the two systems, and the constants of the rotational 
structure of the stronger bands were determined by a procedure which was 
necessarily approximate, since spectrographs of moderate resolving power 
were used. 

It was therefore of interest to investigate the structure of the SiN bands by 
using an instrument of high resolving power. According to the recently 
developed systematic theory of the relation of band-spectrum structure to the 
electronic states of molecules,* * * § the fine structure of the bands of any system is 
determined by the type of electronic transition involved. The stronger SiN 
system has been classified*)* among those resulting from a transition between two 
2 S molecular terms. Other examples of this type are the band systems of 
AlO, N 2 + , CO + (negative Deslandres group), BO ((J system), and the well- 
known violet ON system. Characteristic of these eases is the occurrence of 
single bands, each having almost equally intense P and It branches composed 
of narrow doublets. The separation of these doublets increases with the 
rotational quantum number. At the band origin a single gap occurs in the 
otherwise continuous series formed by the P and Ft branches. The appearance 
of the 2 S“*- 2 S SiN bands under moderate dispersion was entirely consistent 
with this structure, but only a few of the highest members of the line series 
were resolved, and neither the rotational doubling nor the absence of the single 
null-line could be established. 

A further question which arises is whether, in the expression for the vibra¬ 
tional energy, the quantum numbers should take integral values, n 9 or whether 
( n "k 1/2) should be used, as is required in all cases by the quantum mechanics* 
An experimental decision between these alternatives could only be reached 
by the study of the vibrational isotope effect. Mulliken had shown* that for 
the BO spectrum, the half-integral numbering is definitely required, and one 
of the writers has recently obtained a quantitative measurement^ of the isotopic 
displacement of the (0, 0) bands]| of the two isotopic systems here involved. 

* Pliyte Rev., vol. 28, p. 481 (1920), and succeeding papers of this series. 

t* Phys. Rev./ vol. 20, p. 561 (1925). 

t* Phys. Rev./ vol. 25, p. 251) (1925). 

§ * Proc. Nat. Aeacl. Sci./ vol. 13, p. 496 (1927). 

H The notation used in the present communication conforms essentially with that of the 
Bulletin of the National Research Council, No. 57, ‘ Molecular Spectra in Gases/ An 
individual band is denoted by (»', n'% where n is the vibrational quantum number, and, 
aa m the designation of other quantum numbers and constants, the single and double 
primes refer to the more and the less excited states, respectively. 
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Further evidence in the same direction has been obtained by Watson* from the 
MgH spectrum. In the case of SiN, however, Mulliken stated that his data 
seemed to favour the integral numbering, though the accuracy of his measure¬ 
ment did not justify a definite conclusion. Recently, Wolderingt has asserted 
that a recalculation based on Mull ikon’s measurements gave evidence in favour 
of the quantum mechanics formulation. New data of higher precision was 
therefore required in order to reach a definite conclusion. 

The present communication gives the results of an experimental investiga¬ 
tion of the SiN spectrum, for which a large grating was employed. A number 
of the stronger violet bands due to the molecule containing the most abundant 
isotope, Si 28 N, could be satisfactorily studied. They are completely resolved, 
except for several lines at the band head, A few heads belonging to the 
isotopic systems of Si 2 ^N and Si an N were of sufficient intensity for measure¬ 
ment, though their structure lines were not. No bands of the weaker double 
system were observed. Since active nitrogen spectra are particularly suited to 
the study of the vibrational energy terms and the effect of vibration on the 
rotational terms, it was of interest to measure the lines of all bands which 
appeared with any intensity. Because of the low temperature of the source, 
the number of lines in each branch of a band does not usually exceed 40, and 
on this account an accurate investigation of the higher terms in the rotational 
energy function has not been undertaken. Flame or arc spectra are more suited 
to this purpose, because a larger number of rotational terms can be evaluated 
in a given band by the combination principle. It has been found possible to 
calculate accurate values of the band origins, and to represent the observed 
combination differences within the limit of experimental error by using suitable 
constants in the theoretical formula. These band origins are then used to 
obtain expressions for the vibrational energy, for which the isotope effect 
requires the half-integral numbers of the quantum mechanics. 

Experimental. 

The source of active nitrogen did not differ essentially from that used by 
Jevons. The conditions were so regulated as to obtain the greatest intensity 
of the purple glow. The nitrogen was purified before activation by being passed, 
first, through a tube 1 metre long containing moist phosphorus, and then 
through three similar tubes containing calcium chloride, soda lime and phos¬ 
phorus pentoxide. A large-capacity pump kept the pressure at 30 mm. in 

* * Nature/ vol 117, p. 692 (1926). 
t 1 Naturw./ vol. 15, p, 265 (1927). 
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the activating discharge, while the nitrogen passed through at about 20 litres 
per hour. The discharge took place between thick tungsten wires 12 cm. 
apart, and was produced by a high-potential transformer with condenser and 
spark-gap. The liquid silicon tetrachloride was separated from the after¬ 
glow tube by a narrow capillary, which, when adjusted to the proper size, 
allowed a constant flow of the vapour to pass, The volatile liquid SiCl 4 was 
used at the rate of about 1 c.c. per hour. 

The spectrograms were taken on the 21-foot Rowland concave grating at 
Harvard University, which gives a linear dispersion of 0*96 A. per millimetre 
in the second order. Two sets of plates were taken, with respective exposures 
of 3 and 9 hours. On the latter, doublets having a separation of 0*035 A. 
were clearly resolved in the second order spectrum. The wave-length measure¬ 
ments were made with reference to the international iron arc standards, as 
redetermined by Meggers, Kiess and Burns.* Table 1 contains the wave- 
numbers (in vacuo) of the lines of the 10 strongest bands. These include four 
in which the vibrational quantum number decreases by one during the emission 
((3, 2) to (6, 5)), and six in which it is unchanged, (0, 0) to (5, 5). This table 
includes practically all the lines of any intensity which occur in this spectrum 
between the wave-lengths XX 4000 and 4300 A. The wave-length (in air) 
of the band edge is given before the data for each band. In certain cases this 
is double, for a reason to be given later. The rotational quantum numbers, m, 
refer to the final state in emission, and are in accordance with the new number¬ 
ing of the quantum mechanics. The intensity of the lines in each branch 
increases regularly from zero at the null-line to a maximum at tn = 14 or 15, 
and falls off more slowly. Whenever a particular line departs appreciably 
from this regular intensity distribution, the fact is indicated in the table, 
by s if it is too strong, and w if too weak. The letter d signifies an exceptionally 
broad line, probably consisting of two or more unresolved components. A 
line marked h forms the head of the band, There exist several marked per¬ 
turbations or irregularities in the spacing of the lines. The wave-numbers of 
perturbed lines are followed by p. The appearance of these phenomena, in 
addition to the general aspect of the spectrum, will be better understood by 
reference to the accompanying plate. 


* Bulletin Bureau of Standards, 1 vol. 19, p. 263 (1924). 
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Table I. 


(0,0) | 

A 4116-858 j 

A 4117-031 ! 

,, u f A 4143*130 
(J,i) \ A 4143*251 

m. 


i 




It («). 

i P (to). 

: i 

R (m). 

V(m). 

0 


i 1 

t i 

24,007-35 


l 

24,23)1-37 

j i 

098-74 

24,094-52 

2 

240-79 

24,233*02 I 

100-09 

092-98 

3 

242-10 

1 232*07 j 

101-41 

091-51 

4 

243-01 

j 230*63 ] 

102-71 

089*95 

5 

244 - 86 

229-00 * 

103-97 

1 088*41 

6 

246-15 

' 227*51 

105-20 

086-79 

7 

247-49 

225*82 d \ 

106*38 

085*16 

8 

248-73 

, 224 * 24 sd ■ 

107-57 

083-48 

9 

249-95 

> 222*61 sd 

108-73 

j 081-82 

10 

251*22 

220-98 sd 

109-85 

080 11 

11 

252*46 d 

j 219*44 

110-89 

078-38 

12 

253 - 63 d 

j 217-73 i 

111- 92 

112- 21 p 

| 076-62 

1 

13 

1 / 264*73 
j 1 254-95 

5 216 -13 sd | 

> 112-94 

113-21 d 

j 074-77 


255- 80 
250-05 

256- 03 
267-21 
258-08 
258-29 
260-15 

260- 40 
230-23 
260*45 

261- 26 
261*55 
262-26 
262-66 
263-21 

263- 61 

264- 23 

264- 61 

265- 22 

265- 67 

266- 14 

266- 50 

267- 03 * 
267*42 a 

' 24,267 *91 * 

268- 30 a 

268- 77 

269- 22 


269 

270 
270 

270 

271 
271 

271 

272 
272 
273* 


63 

03 

47 

83 

23 

03 

97 

41 

68 

13 


214-35 

212 73 
212-44 
210-95 
210-75 

209-U d 
207-40 d 

206-55 d * 

203 73 
203-62 

201*71 sd 

199-99 
199-57 gd 
198-18 
197*85 
106-31 
106-94 
194-39 
194*01 
’24,192 -67 sd 
192*10 

190-23 sd 

188-36 
187-77 sd 
186-40 
186-08 
184-41 
183-95 
182 - 35 sd 
181-93 
180*17 
179-62 sd 


113- 03 
1J4-18 

114- 93 
116-18 
115*86 
116*13 

116- 75 

117- 08 
117-63 

117- 86 p 

118- 35 d 

118- 8J 

119- 30 

119- 61 

120 - 10 
120*45 
120*82 
121*15 
121*51 
121-01 
122*22 
122*66 
122*91 
123*26 

24,123-00 
124-00 d 

124- 06 d 
124*62 
124*62 
125*16 

125- 16 
125*69 
125*69 
126*14 

126- 14 
126*53 d 
126 *63 ci 
127*13 


072-90 
071-38 
071-05 
069-46 
069-18 
067-57 
067-23 
065*62 
065-28 
063-68 
063-30 
061-52 p 
061-34 
059-69 
059-30 
057-63 
057-24 
055*57 
055*14 
063*43 
063*01 
051-28 
050-84 
24,049-11 
048-65 
046*90 
046-49 
044*71 
044*26 
042*47 
041*98 
040*12 
039*66 
037•89 d 
037*30 
036*46 
034-01 
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Table I— (continued). 


A 4116*858 
A 4117*031 


n / A 4143-130 
t 1 * 1 ' \ A 4143*251 


126*01 
127*5*1 
127-13 
127*90 
127*54 
128*23 
127*90 
128*50 
128*23 
128*86 /* 




i 

(2,5!) A 4172-139 

(3, 3) A 4204-146 

m. 

K (»n). 

V (m). 

11 (w). 

P (m). 

0 

23,938 -00 

I 

! 

23,760*82 


1 

939*22 

23,935 0) ! 

762*13 

23,758*01 

2 

940*50 

933*56 l 

763*42 

756*55 

3 

941*80 

932*07 

764*66 

765*04 

4 

943-05 

930-49 

765*83 

763*46 

5 

944 * 24 d 

928*94 d 

766*96 

761-84 

6 

945 43 

927*29 

768*06 

750-18 

7 

946*56 d 

925-63 1 

769*08 

748*47 

8 

947*63 

923-92 

770*06 

740 * 70 

9 

948*69 1 

922-17 

771*00 

744-89 

10 

949 * 69 d 

920-38 

771*89 

743-06 

11 

950*65 

918-57 

772*74 

741-15 

12 

' 951*57 

916-70 

773*52 

739*20 

13 

952*49 

! 914-84 

774*28 

737-20 

14 

953*33 

S 912-89 

774*97 

735-11 

15 

954*16 

! 910-90 d 

775*59 

733*04 

16 

i 954 * 92 d 

; 908-92 d 

776*18 d 

730-90 


065*64 d 


f 006* 
) 906* 

f 904* 
\ 904* 


776*72 (l 
777 21 d 


20 


778 09 


721*80 
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Table I- (continued). 


(2,2) A 4172-139 


(3,3) A 4204*146 


VI, 


21 

22 

23 

24 
26 
26 
27 


28 


29 

30 

31 

32 

33 


34 

36 

36 

37 

38 


to . 


0 

1 

2 

3 

4 
6 
6 

7 

8 
9 

10 


i 958-01 
958*20 
958*54 
958*78 
959*03 | 

959*31 j 

959*46 ! 

959*80 
969-80 
900*10 
900-16 
960*57 d j 


1 898*39 
898-13 
890 -14 
895*88 
893*83 
893*58 
891-54 
891-24 
889*17 
888*84 
880*78 
886-44 
884-33 
884*01 
881*90 
881-49 
879*41 
878*93 
23,876-75 
876*27 
874*50 wp 
874*07 sp 
871*47 
871*04 
868*95 
808*45 
860*12 
866-09 ! 

863*34 | 

862*79 i 

800*46 j 

860*00 
867*65 j 

857*13 


P<»). 


719*40 
710*95 
714*46 
711*90 d 

709*32 d 

1 706*76 
706*59 
704*06 
703*89 
701*36 
701*14 
698*54 
698*38 
23,695*72 
695*48 
692*80 
692*54 
689*86 
689*61 
686*80 
086-53 
683*77 
683*50 
680*66 
680*39 
677*63 
077*23 
674*35 
674-00 
671*01 
670*69 


R (m). 


P (m). 


R (w), 


778*48 d 
778*79 


(4,4) A 4239-102 

(5,0) A 4277-084 

R(m). 

P (m). 

| R (to). 

p (»»). 

23,567-79 




609-23 

23,565*24 

23,302-78 

23,358*77 

670*55 

563*78 

303*93 

357*37 

571*71 

562-23 

365*06 

355-73 

572*85 

580*68 

366*13 

354-12 

573*89 

559*03 

367*11 

352*44 

574*91 

567*31 

368*08 

350*73 

575*87 

555*66 

368*94 

348*94 

576*73 

553*76 

369*71 

! 347*03 

577*53 

651*87 

370*45 

345*08 

578-32 

i 549*95 

371*08 ] 

| 343*11 
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Table I—(continued), 


(4,4) A 4239-162 


(5,5) A 4277-084 


m. 

R (w). 

P (m). 

i R (»»). 

i 

p(»). 

11 

579-02 

5-47-95 

! 

371-61 d 

341-02 

12 

579-70 d 

546-89 

372-15 

338*88 

13 

580-25 dp 

643*79 

372-58 

336-69 

14 

580-86 

641-04 

372-98 

334*40 

15 

581*31 

639-40 dp 

373*29 

332*05 

16 

581-70 d 

537*17 

373-68 

329*62 

17 

682*04 d 

634*81 

373-81 sd 

326-16 

18 

582*33 p 

632-41 

373-87 h 

324-62 

19 

682-62 i 

i | 

529-93 

f 527-72 tup 

f 

321-98 

20 

1 

682-88 ad 

4 527*35 p 

l 526•88 wp 

[ 

319-29 

21 ; 

582-95 h : 

524-82 

373-81 ad \ 

316-55 

22 | 

I 

522*22 dp 

373-58 i i 

313-72 

23 

I 

519*48 

373 29 8 

310-81 d 

24 

[ 

516-73 

372-98 a 

307-85 

25 


513-90 

372 58 s \ 

304-82 

26 

t 

511-02 

372■15 a ; 

301-68 

27 : 

| 

508-08 

371-61 sd : 

298-51 

28 

* 

505-06 

370*88 

296*29 


502-01 

498*87 

495-71 

492-43 

489-14 d 

485-70 d 

482-49 

482-28 

478-95 

478-77 

475-35 

475*08 

471-73 

471-48 

408*11 

407-80 


370-13 
309-38 
308-54 
367-05 
300-58 dp 
305-54 d 

364-50 d 
363-10 d 


291-94 
288-60 
285-09 
281-48 
277 -94 dp 
274*26 

270-40 d 
266-66 d 



(3,2) A4016*829 


(4,3) A 4050-786 


24,874-47 
875*7J 
876-90 
878*06 

879- 11 

880- 15 
881•13 d 
882-02 
882•85 d 


24,808-85 

24,067-34 ' 

008-62 
009-73 

807-20 

670-84 

805-08 

671-90 

803-90 

672-91 

802-28 | 

073-87 

800-62 1 

674-76 

868-05 ! 

676-82 

850-76 i 

676-25 


24,664-44 

662-91 

661-37 

669-71 

658*01 

656*26 

654*41 

652*51 

650*54 








Ill 


Structure of Violet Bands of Silicon Nitride. 


Table I—(continued). 


(3,2) A4016*820 (4,3) A 4060-786 


m. 


K (m). 


10 

11 


m-62 

884*33 


12 


884-9(1 


13 


885-54 


14 

15 
10 

17 

18 
19 


886*08 

866*56 

886-96 

887*28 

887*59 


20 


21 

22 

23 

j 

24 

25 

t 

26 

27 

28 

29 

30 

31 

32 

33 

34 

35 

36 

37 

38 


V <m>. 


| 854*74 

{ 852*77 

j 850*66 

; 848*49 

846-27 
I 844*05 

I 841-09 

839-31 
836 - 86 d 
834-37 d 

1 831-91 
831*64 
829*31 
829-06 
826*61 
826*35 
823-85 
823*60 
821*12 
820-78 
818*16 
817-88 
815*25 
814-95 
812*21 
811*92 
809*21 
808-91 
806*03 
805-69 
802*94 
802*62 
799*68 
799*29 
796*31 
795*94 


R (m). 


676*90 
677*46 
677*93 p 
678*15 p 
678*35 p 
678 *55 p 
678*88 
679-18 


1 679*18 a 
678*88 # 
678*88 s 
678*66 a 
678*35 * 
678*15 * 
677*93* 
677*46 8 
677*46 5 
676 *90 a 

676*41 d 

j 

| 675*78 d 

675*07 d 

1 674*20 
673*87 8 
673*30 
672*91 s 
672*35 
671 * 96 * 
071*29 
670*84 a 
670*15 
669*73 a 
668*94 
668*52 a 

667 * 34 ad 
666*08 


P(m). 


648*51 

046*38 

644*22 

641*93 

639■64 dp 

037*21 dp 

634*78 

032*27 

629*65 

626*96 

{ 024*50 tvp 

624*13 p 
623 ■ 74 top 

621*41 d 

618*66 dp 

615*57 

612*64 

609*40 

606*20 

603*00 d 

599■73 d 

1 596*45 
696*21 
592*99 
692*74 
589*41 
689*22 
586*83 
685*65 
682*12 
681*89 
578*36 
678*13 
574*64 
674*30 
570*72 
570*44 
566*74 
566*44 
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rn. 


0 

1 

2 

3 

4 
& 

6 

7 

8 
9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 
21 
22 
23 

n 

25 

26 

27 

28 

29 

30 I 

31 

32 

33 

34 

35 

36 

37 

38 

39 

40 

41 

42 
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Table I—(continued). 


(5,4) A4087*471 ! (0,5) A 4126*668 


R (m). 


R(m). 


II (m). 




24,447*78 

448*98 

449*97 

451*10 

452*08 

453 04 

453*90 

454*67 

455*39 

455*96 

456*52 

457*08 d 

457*39 

457*73 

458*03 fid 

458*13 h 

24,444*93 

443■36 d ; 
441*74 ! 

440*08 | 

438•34 d j 
436*66 ; 

434*68 ] 

432*72 i 

430*68 
428*55 1 

426*37 
424*07 
421*72 
419*30 
416-78 
414*17 


24,411*49 

24,458-03 xd 

408*75 

457*73* 

405-91 

| 

457*39 fi 

403-01 

457*08 fid 

399*99 

466*69 

30H-94 j 

456*21 

1 

393*78 | 

456*59 

390*52 

454*95 

387*20 | 

454*22 

383*81 ! 

1 

453*34 

1 

380*30 | 

452*38 

376*74 

451*39 

373*12 

450*25 

'360*35 

448*98 

305*51 

447*78 

446*39 

444*93 

443*30 d 

441*74 

440*08 

438*18 

430*23 

434*19 

361*63 

357 * 59 d 
363*58 
349-40 
345*19 d 
340*81 
336*43 
331*88 
327*28 d 
322*04 d 
317*81 d 




24,218*72 i 
219*86 
220*09 * ! 

221*74 j 
222 * 62 s 1 
223*29 i 
223*95 
224*40 « 
224*82 
225*23 
225*69 fid 


24,209 11 9 
207*40 8 
205*55 * 
203*62 a 
201*00 
199*57 8 
197*30 
195*06 
192*68 8 
190*22 fid 
187*67 sd 
185*07 d 
182*35 d 
24,179*09 
179*57 
170*77 
170*59 
173*80 
173*53 
170*70 
170*50 
107*01 
167*31 
164*39 
164*10 
101*00 
160*70 
157*57 
157*28 
154*07 
153*71 
150*48 
150*14 
146*75 
146*45 
143*01 
142*57 
139*09 
138*74 
135'16 
134*77 
131*10 
130*63 


225*82 h 
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The Rotational Structure. 

It is clear that the line structure of the bands is in accord with that to be 
expected for a 2 S 2 S system. One line is missing at the origin, and the 
members of each branch are resolved into narrow doublets at higher rotational 
quantum numbers. The components of these doublets are in general of equal 
intensity. Their separation in a given band increases nearly linearly with m, 
until its highest values are reached. There is a general tendency towards the 
decrease of the separations with increasing vibrational quantum number* 
In the (0, 0 ) and (1,1) bands the doubling is greatest, and the head is relatively 
far from the origin, with the result that a very close double head is formed* 
The (6, 5) band is exceptional in that it shows an unexpectedly large doubling. 
The doublet separations are equal for the (2, 2) and (3, 2) bands, as also for the 
(3, 3) and (4, 3) bands. 

In general, doublets of this type arise from transitions between double initial 
terms and double final terms, the allowed transitions taking place in such a 
way that the observed doublet separations represent the difference between 
the term doubling in the initial and that in the final state. The only inference, 
therefore, which can be drawn from the above-mentioned equalities is that 
whatever variation takes place in the magnitude of this term doubling between 
the states n = 2, 3 and 4 must be in the final electronic configuration. It 
is not possible to determine its absolute value for any given state. From the 
observed doublet separations it may be definitely stated, however, that the 
term doubling does not bear any simple relation to the vibrational quantum 
number. 

Several interesting perturbations occur, as in the analogous violet ON bands. 
These usually take the form of an exceptionally wide or an exceptionally narrow 
doublet, and faint satellite lines are often visible in the immediate neighbour¬ 
hood of the perturbed line. These irregularities are connected in every case 
with the initial electronic state, as is shown by the fact that the lines R (m ~ 1) 
and P (m -f-1), and also bands of the same n\ show similar perturbations. 
In the (1, 1) band a remarkable phenomenon occurs. Starting from the null¬ 
line, the lines broaden out gradually in each branch* indicating an unresolved 
doubl^g of the usual type. However, the lines having m' = 11 are again 
narrower, and those having m' = 12 are very sharp. At m* = 13 Wide 
doublets begin, the high-frequency component of each doublet lying in the 
position to be expected from extrapolation of the preceding series. The 
separation of these doublets decreases slightly to m' = 15, increases again to 
m' » 18, and the lines tn f = 19 are extremely narrow doublets with faint side 
vox,, exxn.— a. i 
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components, m' = 20 again shows a relatively large doubling, which increases 
regularly for the remaining members as far as they can be traced. This 
peculiar behaviour somewhat resembles that found* in the (11, 11) band (one 
of the “ tail ” bands) of the violet ON system. It suggests an intimate con¬ 
nection between the perturbations and the rotational doubling, which will 
be of importance when a theory is developed to explain these features. 

According to the quantum mechanics, the rotational energy terms in wave- 
number units are given by the expression 

F (m) — Bwi ( m -f 1) -f D [m (m -f I)] a + .... (1) 

For a S states m=j — p, where p is the resultant electronic angular momentum 
in units h/2n perpendicular to the nuclear axis. It is usually almost exactly 
equal to ± 1/2, since it corresponds essentially to the spin angular momentum 
of a single electron, which has two possible orientations, parallel and anti- 
parallel, to the nuclear angular momentum, m. Since j measures the total 
angular momentum of the molecule, it is the true quantum number, and takes 
values which are accurately half-integral. In the present caBe, however, it 
may be assumed that p = i 1/2 exactly, and hence that the m’s are true 
integers, for an investigation of the empirical form of the combination differ¬ 
ences to be discussed below showed that this is probably true within experi¬ 
mental error. Denoting by v 0 the band origin, i.e., the point at which the 
rotational energy vanishes in both initial and final states, the wave-numbers 
of the lines in a band may be represented by 

R (m) =a v 0 + F' (mi + 1) — F" (m) (a) 'j 

= v 0 — |C + B' + 2B' (m H-£) + C (m ++ 41)' (m + £) 8 

+ E (m -f |) 4 + ... (b) 

P (m) = v 0 -f F' (m — 1) — F" (m) (a) 

- v 0 - iC + B'- 2B' (m +j) + C (m + })* - 4D' (m +*)» 

+ E(m + *)* + ..., (b) 
in whioli 0 = B' — B" and E = D' — D". By the application of the com¬ 
bination principle to the lines of a band, the rotational terms cannot be found 
directly, but only certain differences between neighbouring terms. In the 
present oase, the following combination differences can be evaluated 
AjF' (m) = R (m) - P (w) = F' (m + 1) — F" (m - 1) 

* 4B ' (m' + J) + 8D' (m' + + ... (5a) 

A*F" (m) = R (m - 1) - P (m -f 1) = F" (m + 1) — F" (m — 1) 

= 4B" (m" + |) + 8D"(m" + i)* + .... (to) 

* • Phya. Rev.,’ vol. 81, p. 639 (1928). 
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The differences (3a) should be identical for all bands of the same n\ and (3b) 
fox those of the same ri\ With the assignment of rotational quantum numbers 
given in Table I, this requirement is fulfilled within the experimental error of 
measurement, which on the average does not appear to exceed 0*02 cm.' 1 . 
In taking these combination differences, the mean wave-number of the doublet 
components was used when the line was double. Fig. 1 shows the accuracy 
with which the combination principle is followed in all cases where it could 
be tested. The figure gives the residuals of the observed values of A*F from 
those calculated by the theoretical equations (3). Circles and crosses refer 
to data from different bands, as shown at. the right of each set. Certain cases 
where there appears to be a definite trend in the residuals, for instance for the 
(5, 5) band between m ~ 22 and 29, are the result of the near coincidence of 
two series of lines (in this case two portions of the R branch near the head) 
which form unresolved doublets, but were measured as single lines. The 
maximum error which could be introduced in this way should be one-half the 
limit of resolution, or about 0*1 cm.~ J . 

Fig. 1 also shows how well the observed combination differences are repre¬ 
sented by equations (3). The coefficients B and D were determined as follows : 
For n =3 0, D may be calculated by Kratzer’s theoretical formula* 

4B 3 

Do ~ (4) 

0)q 

The vibration frequency for infinitesimal amplitudes, <x> 0 , was known from 
Mulliken’s work. Sufficiently accurate preliminary values of B 0 were found 
from the combination differences of the (0, 0) band by a graphical method. 
For the other vibrational states 

D = D 0 + 1in, (5) 

in which (3 can also be calculated by a theoretical relationf originally derived 
by Kemble. Having these values of I), which presumably are of considerable 
accuracy, one computes the term 8D (m -f £) 3 and subtracts it in each case 
from the observed AjF’s. The linear least squares solution of the resulting 
quantities, assuming the constant term to be zero, then gives a very good 
value of B. The constants determined in this manner are summarised in 
Table II. The equations which represent them are :— 

B' « 0-7236 - 0-01037 («' + i) 

B" = 0-7310 - 0-00567 (n" + $) 

D' = — [1 -400 + 0-0788 («' + *)] 10~* 

D" =. - [1-182 + 0-0010 (»" + i)J 10- # 

* ‘ Ann. Physik,’ vol. 71, p. 72 (1923). 
t 1 Phys. Rev.,’ vol. 29, p. 59 (1927). 
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From the constant terms of equations (6), the moment of inertia of the non¬ 
vibrating molecule is found to be 38‘29 X 10 40 and 37*89 X 10 gr. cm* 
in the initial and final states respectively. Assuming this molecule tQ be 
Si M N, the corresponding internuclear distances are 1*576 X 10"® and 
1*568 X 10~ 8 cm. 

The Vibrational Structure. 

The vibrational energy of a diatomic molecule may be written 

E„ = (n + £) hto 0 fl — x (n + 4) +• ti ( n + |) 2 + z ( n + i) a + * * *L (8) 

where n = 0, 1, 2, ... . The quantum mechanics justification for using (« + |) 
in powers higher than the first seems to be uncertain, although this form has 
been given by Files.* Experimental evidence in its favour has been 
obtained in the present work, and will be presented below in connection with 
the isotope effect. It was necessary for the study of the vibrational terms to 
obtain first accurate values for the origins of all bands measured. This 
calculation was made by applying equations (2 a) to several lines of each 
branch, for which the rotational terms were found by equations (1). The 
empirical v 0 , which is actually identical with the wave-number of the null-line, 
is given in Table II for each of the 10 bands whose fine-structure was measured. 
Using these values, the following equation was obtained by the method of 
least squares : 

v 0 « 24,299-40 + 1031 007 (»' + *) — 10*7428 (»' + £) 2 

+ 0*11722 (»' + i) 3 + 0*014167 (»' + £) 4 - 1151*680 (»" + i) 

+ 6*5600 (»" + *)*. (9) 

The origins of other fainter bands of the system, of whicli the heads only had 
been measured, were next calculated from this expression and compared with 
the v 0 values obtained by subtracting the theoretical wave-number difference 
between heads and origins from the observed wave-numbers of the heads. 
The results of this comparison, which will also be found in Table II, are on the 
whole satisfactory, although there is an unaccountably large deviation at the 
higher values of n\ The correction from head to origin was obtained by sub* 
stituting the numerical value of B'/C in the equation (2 b) relating to the R 
branch. 

The Isotope Effect. 

The above analysis concerns only the bands of the system due to the pre¬ 
dominating isotopic molecule, Si 28 N. Of the systems due to 8i w N and S*°N, 

* ‘Ann. Phyaik,* voi, SO, p. 367 (1626). 
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the heads of the {2, 2), (3, 3), (4, 4), (5, 5) and (6, 6) bands were visible on the 
plates, although the first and last of these were too faint to be accurately 
measured. In order to test the theoretical relations for the isotope effect 
derived by Mulliken,* the isotopic displacements of the heads were calculated 
by his equations and compared with those observed. Each displacement may 
be divided into two parts, the vibrational and rotational isotope effects. The 
vibrational effect (displacement of the origins) was obtained by setting up the 
vibrational equations for the Si 29 N and Si 3D N systems, corresponding to 
equation (9). To do this, we multiply each coefficient of equation (9) by the 
appropriate power of p, a quantity which depends only on the masses of the 
two isotopes and on that of the non-isotopic atom. The displacement due to 
the rotational effect, which is to be added to the above, can be obtained when 
B' and 0 are known in all three systems, for the distance in wave-number 
units from the head to the origin of any band is, approximately, 

- v 0 = B' - B's/C. (10) 

From the constants in equation B ~ B 0 — a (n + £), which have been found 
for Si*®N (cf. equations (6)), those for the other two systems are obtained 
by multiplying B 0 by p 2 , and a by p 3 . The results of this calculation are 
summarized in Table III. 

Table III. 


Isotopic displacement*. 


Theoretical. 




Bands. ! 

| | 

| Vibrational, j 

] j 

Rotational. 

(» + !)• 

^ v hemt 
! <*>• 

i 



_(i) 

1 (2) J 

(3)_i 

(4) 

.<«. 

Si«N 

_ 

_ 

(2,2) ; 

I 

2 *42 cm.- 1 | 

-0*23 

2*19 

1-71 


S»«»N 

(9, 3) 

3*73 

-0*16 

3*57 

3*04 



(4, 4) | 

5*18 ! 

—0*12 

5*06 

4*49 



(5. 8) 

6*73 j 

-0 10 

6*63 

6*03 

8i**N 


(2, 2) 

4*70 

-0*44 

4*26 

3*32 


Si»«N 

(9, 3) 

7*23 i 

-0*32 

6*91 

5*88 



<4,4) i 

10*04 I 

-0*25 j 

9*79 

8*68 



1 («. 8) I 

18*05 ! 

-0*20 

12*85 

11*66 


Observed 

_(«L. 


2*09 

3*49 

5*00 

6*67 


3*98 

6*98 

9*78 

12*93 


Column (4) contains the net displacements calculated by the above procedure. 
They are seen to be in excellent agreement with the observed values of column 
(6). In column (5) are tabulated the theoretical separations of the heads 
calculated on the assumption that the vihrational quantum numbers are 


* ‘ Phya. Rev.,' vol. 25, p. 119 (1025). 
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integral, without introducing the half-unit required by the quantum mechanics. 
The results evidently show that the older formulation is wrong. Fig. 2 illus¬ 
trates this graphically. The solid and broken lines give, respectively, the dis¬ 
placements predicted by the new and old quantum theories, while the circles 
are ol>scrved values. The accuracy with which these data support the formu¬ 
lation of the new quantum mechanics may be most concisely expressed in the 



Iron arc comparison 


DESCRIPTION OF PLATE 5. 

(1), (2) and (3). Strongest bands of the silicon nitride spectrum, 
spectrum. 

(4) .—Portion of the P branches of the (4, 4) and (4, 3) bands. Dote mark the perturbed 

lines P(15), P(20) and P(22). 

(5) . The (1, 1) band, showing doubling and perturbations. The linee marked are R(12) 

and P(14), at which the doubling begins abruptly. 

(0).—First part of the (3,3) band, showing the single missing line. 

m iE‘. 

(8) ’ Wd rt'th In! head the overla PP in « <«•6) band. The very faint double 
f n t l lleSaUhec ’ xtrenleleft - An apparent diseontinXinintensity 
slightly to the right of the iron line is due to the presence of the (10,8) band * 
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following way. Let the constant to be added to n be unknown, and let its 
value be determined, together with the corresponding probable error, directly 
from the data. If the comparatively inaccurate values from the (2, 2) bands 
be omitted, one obtains 

E* * f (n + c); c *= + 0*504 ± 0*010. 

The agreement is significant not only as a quantitative verification of the 
theoretical isotope effect on the basis of the new mechanics, but also as an 
experimental justification for the use of (n -f £) in the higher power terms of 
equation (8). It is not at once obvious how sensitive a test this affords for 
deciding the question. However, if it is assumed, for example, that (n + J) 
occurs only in the linear term, and n in all higher terms, the agreement is not 
nearly as good. The algebraic sum of the deviations (observed minus calcu¬ 
lated), which was previously + 0-28 cm." 1 , then becomes +1*80 and the 
deviations show a very definite trend. Therefore it seems very probable that 
the vibrational energy should be expressed as a power series of (« + i), accord¬ 
ing to equation (8). 

In conclusion, the writers wish to express their thanks to Profs. F. W. Loomis 
and R. S. Mulliken for suggestions and helpful criticism during the progress 
of this investigation. 

Summary . 

(1) The violet SiN band spectrum excited by active nitrogen has been photo¬ 
graphed with high dispersion, and measurements of the structure lines of the 
10 strongest bands arc tabulated. 

(2) Each band has a doublet P and a doublet R branch, and there is one 
missing line, in complete accord with the theoretical predictions for a band 
system of the *8 -> a S type. 

(3) Several perturbations are found in the rotational terms of the initial 
state. One of these is of a new type, since it affects markedly the rotational 
doubling of succeeding lines. 

(4) The combination relations between P and R lines are applied to find the 
term-differences, from which the rotational constants are evaluated. 

(5) The band-origins are determined, and an equation is derived for these, 
which gives the vibrational energy in the initial and final states. 

The isotope effect is well marked for Si 28 N, Si 2D N, and Si S0 N. 

(6) From this effect in three bands of the strongest sequence, quantitative 
evidence is adduced in support of the quantum mechanics expression for 
the vibrational energy, which is developed in powers of (n + £). 
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The Difference between the Mechanical and Optical Lengths of a 

Steel End-Gauge. 

By F. H. Holt and H. Barbell National Physical Laboratory. 
(Communicated by Sir Joseph Pctavel, F.R.S.- "Received August 30, 1928.) 


(1) Introductory Notes. 

The two lapped surf aces whose separation, defines the length of a good end- 
gauge or block-gauge generally approach a degree of optical flatness and 
parallelism sufficient for their use in interferometry. If, therefore, such a 
gauge is supported between the semi-transparent mirrors of a Fabry-Perot 
£talon of greater length than the gauge, with its surfaces parallel to the mirrors, 
the gauge may be standardised in terms of light waves by the methods usually 
applied to Fabry-Perot etalons. 

In fig. ] L is the optical separation of the etalon mirrors, l t and are respec¬ 
tively the optical separations of a gauge surface and an adjacent Etalon mirror 
at each end of the figure, and 0 is the optical length of the gauge : therefore 

0 - L ~ (/, + IJ f (i) 



L is measured either directly or indirectly in terms of light waves, the choice 
depending upon the magnitude of L, while both i 2 and l 2 are measured directly 
in terms of light waves by observation of the reflected system of circular 
interference fringes ; thus 0 may be obtained in terms of light waves. 

it is generally supposed that when light is reflected in air at glass or quart* 
surfaces a change of phase equal to tc takes place, and that the optical and 
geometrical surfaces of glass and quartz are coincident. But when light is 
reflected in air at a metallic surface there is an additional change of phase p 
which constitutes a phase loss. This phase loss varies slightly with the wave¬ 
length of light but may be considered as constant for all practical purposes. 
It has an effect upon optical measurements, where steel gauge surfaces are 
used as reflectors, which is equivalent to an apparent displacement of the 
reflecting surfaces from the geometrical surfaces towards the interior of the 
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gauge. In other words light appears to penetrate a metallic surface (fig. 2) 
and is apparently reflected at a plane which is parallel to the geometrical surface, 
but is displaced from it by an amount where 

<f> ass £pX. 

is the wave-length of the incident light so that <f> varies for different colours. 


Optical or~\| 
Reflecting Surfoce 

—H 

STEEL. I 


|/~Geometrical or 

material Surface 


,ncidcnr Liqhr 

Reflected 

Light 



Fio. 2. 


If (j> in fig. 1 is the apparent displacement at a lapped steel surface for light 
of given wave-length, the optical length 0 of an end-gauge in terms of this 
radiation is less than the geometrical separation G of its parallel surfaces by an 
amount equal to 2<£, i.e., 

0 ™ G - 2 <f>. (2) 

It is important to note here that the geometrical length G of an end-gauge 
is not equivalent to the measured value M of its length as determined by the 
mechanical method of standardisation.* In the mechanical standardisation 
the quantity measured is the geometrical length G augmented by the thickness 
t’ of the wringing film formed between two lapped surfaces in wringing contact, 
i.e., 

. M. -- C + t' 

Let G be eliminated from these two equations, then 

M = 0 + (2^ + (’)■ (3) 

Thus, if the value of (2 <f> -f «') in terms of light waves is known, it is possible 
to derive the actual value in terms of light waves of the length of an end-gauge, 
as it would be measured by mechanioal standardisation, from a purely optical 
measurement of the type outlined above. 

One of the stages in the procedure contemplated for the establishment of a 
wave-length standard of length involves the measurement, in terms of light 
waves, of a steel end-gauge having parallel, lapped measuring faces, and 1 
metre or 1 yard in length. Since it is essential for practical usage to standardise 
* Sean, ‘ Proo. Roy. Inst.,’ vol. 20, p. 112 (1926). 
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the M (or mechanical) value of the gauge, an accurate knowledge of the cor¬ 
rection (2^ + t') is required. P6rard and Maudet* have given the mean value 
of (2 <f> + t f ) as 0*086 p, or 3*4 X 10“ fl inch for wave-lengths of the visible 
spectrum between 0*61 pi and 0*44 pi. The measurement of the quantity 
(26 + i f ) has been repeated in the Metrology Department of the National 
Physical Laboratory by a method similar in principle to that used by P6rard 
and Maudet, though differing somewhat in detail. 

(2) General Description of Method. 

The procedure which entails the introduction of the correction (2 <f> ( O 
can also be utilised to measure the value of the correction. Suppose that the 
optical lengths of a series of n short block-gauges are measured by the scheme 
outlined in fig. 1. It is necessary to have means of adjusting the gauge surfaces 
and semi-transparent mirrors into parallelism with one another. 

From fig. 1 the optical length 0 of a gauge is given by the expression 

0 = G-2<jl 

where G and 6 have the meanings already assigned to them. If n gauges are 
measured, then 

O^Gi-2 $ " 

0. = G 2 - 2<f> 

(4) 

0.-G.-2 <!> „ 

It is assumed that the value of <f> is the same for all the gauge surfaces 
concerned. 

From equations (4) 

E [0] s= 2 [G] — 2n<f> t(5) 

where 

S [Oj Bum of optical lengths O v etc, 

S [G] ~~ sum of geometrical lengths G 1? etc. 

Now suppose that a combination is formed from the n gauges wrung together 
and that its optical length O' is measured in the same way, then 

0' ==S[GJ +(6) 

where t f is the separation of two lapped surfaces when wrung together. 

From equations (5) and (6) 

0' — S [0] = (n — 1)(26 + 0 

or 

(n — 1) 

* 1 Trav. et M4m. Bureau Internet.,’ vol. 17, p. 54 (1921). 


(7) 
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The expression (2^ + 1') represents (equation (3)) the difference between 
the mechanical and optical lengths of an end-gauge, and therefore its value 
may be derived from purely optical measurements of the type described upon 
a series of short block-gauges, assuming that the lapped surfaces of these gauges 
possess optical qualities which are a fair representation of the optical qualities 
of lapped surfaces of end-gauges in general. 

(8) Experimental Notes. 

The two semi-transparent mirrors were arranged parallel to one another by 
wringing them to the ends of a pair of 1-inch block gauges, differing in length 
by about two-millionths of an inch. In the first instance each gauge or com¬ 
bination of the series of short block gauges whose optical lengths were required 
was supported on a bracket between the semi-silvered faces of the mirrors. 
This bracket was part of a framework which was capable of small adjustments 
about horizontal and vertical axes, and was used to bring the faces of the 
gauges it supported into parallelism with the semi-transparent mirrors. It 
was soon found that heavy machinery running in the Laboratory kept the 
bracket in continual vibration, although the apparatus was mounted on an 
insulated concrete bench. The idea of mounting the gauges upon an adjust¬ 
able bracket therefore had to be abandoned. 

After many trials an arrangement was adopted in which the gauge or com¬ 
bination to be optically measured, the semi-transparent mirrors, and the 1-inch 
separators were all wrung together, so that no relative movement of the parts 
could take place. 

In fig. 3 the mirrors A and B are wrung to the ends of a pair of 1-inch gauges 



0 and D, so that the rectangular semi-transparent films (1 inch X | inch) face 
one another. The semi-silvered face of A is shown in plan. C' and D' are 
areas on A which are brought into wringing contact with the separating gauges, 
while E and F represent two i-inch gauges, differing in length by less than 




126 


F. H. Rolfc and JEL Barrell. 


1 X 10'* inch, that are in wringing contact with A in the positions indicated. 
Because of the limited surfaces of the mirrors A and B, the gauges C and D 
are wrung to them somewhat unsymmetrically in order that E and F may 
occupy convenient positions on A. A gauge or combination, G, to be optically 
measured is wrung across the upper surfaces of E and F so that it bridges the 
semi-silvered surface of A. If all the gauges are suitably chosen with respect 
to length and parallelism the surfaces of G are approximately parallel to the 
semi-transparent mirrors. 

A series of six J-inch gauges was used for the measurements. The optical 
length of a single gauge or combination of this series was measured by observing 
the optical separation of the semi-transparent mirrors and subtracting from 
this the sum of the optical separations of the surfaces of the gauge or com¬ 
bination from adjacent surfaces of the mirrors. 

A diagram of the optical system is shown in fig. 4. The interferometer I is 



supported at the edges of its semi¬ 
transparent mirrors on a V-block. 
The V-block rests on a circular surface 
plate capable of exact rotation in its 
own plane, the rotation being limited to 
180° by adjustable stops. Leveiling 
screws are provided for the rotating 
table, and they stand on a plate having 
a traversing motion at right angles to 
the direction of the incident beam of 
light. 


Fig. 4. 


The source of light is a neon tube N 


viewed broadside-on and excited by a 
discharge from an induction coil. A convergent beam from the source is 
directed by the lens through the semi-transparent mirror AB to the inter- 
feroraeter. Light reflected by the interferometer is again partially reflected 
at AB and the interference fringes produced in this light are focussed on the 
slit S of a constant deviation spectroscope by an achromatic lens M,. Suit¬ 
able operation of the traversing and rotating motions of the interferometer 
support then brings fringes due to each of the optical separations L„ L t , J, 
and Is (fig, 5) on to the slit of the spectroscope. The optical system and the 
levelling screws o! the interferometer support are adjusted so that the centre 
of each system of circular fringes is focussed on the same point of the slit. 
This adjustment is made once and for all before measurements are commenced. 
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The gauge or combination represented by G in figs. 3 and 5 was only measured 
at its centre “ y” A preliminary experiment without G in position correlated 



Fig. 5. 


the mean of the optical separations L t and L 2 at the positions “ x ” and z ” 
with the optical separation L at “ it was found that the mean of Lj and 
L 2 was less than L by 0*2 X 10" 6 inch. Since the small difference between 
Lj and h 2 was also constant in sign and magnitude whether G was a single 
gauge or combination, it was assumed that the relation between L, L, and L e 
given above always held. 

The interferometer was shielded from draughts by a well-lagged enclosure 
of cardboard. The temperature inside the enclosure during a set of observa¬ 
tions usually tended to rise steadily, and it was necessary to take a symmetrical 
series of observations in order to compensate for this effect. Referring to fig. 
5, the observations for L x and l t were taken in succession. The interferometer 
was then turned through 180° and the observations for Z a and L a taken in 
succession. The order was then reversed, starting at L 2 and finishing at L v 
Each distance was thus measured twice, and the means corresponded to values 
at the same mean time and temperature if the observations were taken at a 
constant rate, and the temperature changed uniformly in one direction. 
Temperature readings were taken regularly during the time occupied in ob¬ 
serving the fringes, and the barometric pressure and humidity were noted at 
the begimung, middle and end of this period. 

Measurements of the linear diameters of the circular fringes were made 
visually, using a micrometer eyepiece fitted to the spectroscope. In some 
eases the diameters of three rings in six neon radiations between X 5852 and 
X 6507 were observed for each of the quantities L v Zj, Z 2 and L a . In others 
only the two extreme radiations of this group were utilised, since the approxi¬ 
mate orders of interference were well established, i.e. 9 L x and L a were each 
1 inch, Zj was £ inch, and Z a was | inch if a single |-inch gauge was being 
measured, or £ inch if a combination of six £-inch gauges was being measured. 
The fractional order of interference (or excess fraction) at the centre of eaoh 
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system of fringes was calculated from the linear diameters of fringes by a 
least square method, which is described in the Appendix. Then with the aid 
of the well-known method of coincidences the total order of interference for 
each radiation was derived, and hence the values of the quantities L lf J 2 
and L 2 could be calculated, since the wave-lengths of the radiations were 
known. Corrections were applied for the effect of variations of the refractive 
index of the air upon the standard values of the wave-lengths. In calculating 
the values of 0 and O' by equation (1) the above-mentioned correction of 
+0*2 X 10~° inch was applied to the mean of L x and L 2 in order to obtain 
the true value of L. 

The pair of semi-transparent mirrors and the mirror AB (fig. 4) wort; silvered 
by the method of cathodic sputtering in a vacuum. It was found that the 
best conditions were realised when the silver films possessed approximately 
equal reflecting and transmitting powers. 

The combination of six gauges was measured ten times. After each 
measurement the combination was broken down, the gauge surfaces cleaned 
with the usual mixture of alcohol, ether and ammonia, and then wrung together 
again with a minimum quantity of paraffin oil. Care was always taken to have 
the portions of the terminal surfaces where light was reflected as clean as 
possible. The combination was left for at least 2 hours in the apparatus before 
it was measured. Single gauges were measured three times each, and after 
each measurement were taken out of the interferometer, cleaned, and then 
re-wrung to the upper surfaces of E and F (fig. 3). 

(4) Results. 

Table I shows the results oi optical measurements of the f-inch combination 
of six i-inch gauges, reduced to values at a mean temperature of 18-40° C. 
with the aid of a coefficient of expansion derived from optical measurements 
of the combination at temperatures ranging from 16° C. to 19*5° C. The 
optical lengths were calculated from measurements in two neon radiations, 

= 5852*488 A and X# = 0506*528 A,* the conversion factor of 1 metre = 
39 * 370147+ inches being used to give the results in inch units. The values are 
actually expressed in terms of errors from the nominal size (f inch) of the 
combination in units of one-millionth of an inch. 


* 1 Bull. Bur. Stand./ vol. 14, p. 765 (1918). 
t * Phil. Trana,/ A, vol. 227, p. 281 (1928). 
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Table I.—Optical Length# at 18*40° C. of the Combination in Terms of Two 

Neon Radiations. 


Nominal size = 

~ £ inch. Unit of error 

1 x UT fl inch. 

Observation. 

A,. 

v 

( 

1 i 

66-2 ! 

56-8 

2 ! 

-5t« , 

- 53*5 

3 | 


57*7 

4 ! 

-49-8 

— 51*2 

5 1 

.49-0 

-49*8 

6 1 

-491 

50*2 

7 i 

i --610 

™52*0 

8 

55-4 

-56*7 

9 

-54-2 

- 55*6 

10 

-64 1 

“55*4 

Mean* 

1 -52 

1 -53-9 


The mean values of the optical lengths of the combination at 18*40° C.. 
are :— 

O' = f inch - 52*8 X 1<T« ± 2*8 X 10~° for \ v 
O' a f inch - 53*9 X 1CT 0 ± 2*8 X KT 6 for X«. 

The uncertainty indicated for these two results is obtained by calculating 
the probable effect of the variations in Table I upon the arithmetic means. 

Table II shows the values of the optical lengths at 18*40° C. of the series of 
single gauges whose nominal lengths are $ inch. 

Table II,—Optical Lengths at 18*40° C. of the Series of Single Gauges in 
Terms of Two Neon Radiations. 


Nominal size — £ inch. Unit of error = 1 x 1(T 6 inch. 


Gauge. 

Wave-length. 

| (1). 

j (2). 

| (3). 

| Means. 

1-inch No. 10 . 


-13*9 

| -14*2 

| —14*0 

— 14*0 

i 

j -14-3 | 

1 -15*4 

i ~ u ‘ 8 ! 

-14*8 

i-inohNo 11 J 

K \ 

j 14 0 

.13*4 

-140 

-13*8 

l 

A. j 

—14-4 

-15*0 

— 14*8 

-14-7 

liinch No 12 J 

A, 

—14 * 3 

-140 

-14*8 

• *14*5 

l 

A. 

.-14* 9 

~14‘5 | 

—14-8 | 

-14 7 

J-inch No. 18 .^ 

A, 

15 3 

--13-0 | 

-16*3 

— 15*7 

A. 

—15*6 

— lfl-3 

-17*4 | 

-10*4 

i-inch No. 14 .| 

A, | 

-13 4 

— 13*3 

-14-2 ! 

-13 6 

K | 

-15-0 

-14*3 j 

-16-1 | 

14-8 

14nch No. 15 J 


-14*2 

-13*7 

• -13-5 j 

-13*8 

.1 

A. ! 

— 14 6 

-HO j 

I -13-8 i 

14* i 
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The sums of the optical lengths of the series of single gauges for the two 
radiations are :— 

2(0] — i inch — 85*4 x 10'° ±0-5 X 10~° for 

2 (OJ ^ f inch - 89*5 X 10'* ± 0*5 x 10"° for >*. 

The uncertainty indicated for these two results is obtained by calculating 
the probable effects of the variations in Table II upon the arithmetic mean#. 

By equation (7) : 

o])/o 

since n ~ 0. 

Substituting the values of O' and 2 [O] for X, and X (l :n this equation, then:— 
(2 <j> + /') — 0*5 X 10 R + 0-0 x Hr" inch for X r 

(26 -b t f ) ■ 7*1 x 10“ 6 + (MS x 10“"° inch for + 

Thus the mean value of (26 A /') for the red and yellow regions of the visible 
spectrum is 6*8 X 10 11 + 0*0 X 10 inch or 0*173 p + 0*014 p. Perard 
and Maudet (lor. cit.) give a mean value 0*080 p or 3*4 X 10 0 inch for 
(26 + 1') for visible radiations extending from the rod to the blue regions. 

Perard and Maudet also measured directly the value of <j> alone and thus 
by calculation derived a value of t! equal to —0*0(1 p. 

In the Metrology Department of the National Physical Laboratory, an 
independent measurement of /' has been made,* giving a probable value of 
+0*005 p or 0*2 X inch. Taking this value in conjunction with the 
above determined value of ( 2tf> + //), the calculated value of <f> is found to 
l>e 0*084 p or 3*3 X 10“ ft inch, as against the measured value of Perard and 
Maudet (loc. cit., p. 74) 0*079 p or 3*1 x 10"® inch for a similar region of the 
spectrum. Good agreement is obtained therefore between the value of <jy 
calculated from the National Physical Laboratory measurements and the 
directly measured value given by Perard and Maudet. With regard to the 
value of t\ no results have been obtained which confirm the apparent value of 
—0-06 p derived by Perard and Maudet, and it is difficult to believe in such a 
value. 

The value obtained for (2 <f> + t') by the work described in this paper is also 
closely confirmed by direct comparison of the measured lengths of the individual 
gauges, made by optical and mechanical methods respectively. In the follow¬ 
ing table the sizes are expressed in terms of errors from nominal size. 


* 1 Hoy. 8oc. Proc./ A, vol. 110, p. 401 (1927). 
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Table III. Comparison of Optical and Mechanical Lengths of Gauges at 

16-67° C. 


Nominal size = j, inch. Unit of error — 1 x 10' ® inch. 


Optical values at 10-07 J (\ 

Gauge i 
number, j 


i 

V 

V 

10 1 

-- 10*8 

17*0 

n i 

-* 10*0 

17-n 

12 

17*3 

17-5 

13 

iB*r* 

10-2 

14 

10*4 i 

17*0 

15 1 

— loo 

100 


Media meal 

<M- 0)^(2* 

t* t') 

VllluOl* ftt 

i 


10 07 O. 

i a,. ' 

1 1 I 

V 

- 

I 1 

1 1 


11*1 

5*7 

n*5 

n-3 

7*3 1 

8*2 

U>*0 

0*4 

0*0 

12*1 

0-4 

7*1 

loo 

i 5*8 ! 

7*0 

10*7 

| 5*0 i 

0*2 

Means ... 

j ^ 

0*0 


The mean of the differences (M — 0) is 6*6 X 10“ 8 inch, as compared with 
(S*8 X 10 6 inch derived above from purely optical measurements. The 
closeness of this agreement is no doubt somewhat fortuitous but it is at least 
additional evidence in favour of the new value obtained for (2^ ~f i'). 

(5) Conclusion . 

It was mentioned in section (1) that if p is the phase loss for light of wave¬ 
length X when reflected at a lapped steel surface then <f> = $pX. Substituting 
in this equation the calculated value for <f> of 0*084 fx for a mean wave-length 
of 0*618 (x, then p = 0*272. The value given bv Pferard and Maudet for the 
same region of the spectrum is p = 0*258, and these observers state that p is 
practically constant for yellow and red light, but its value increases appreciably 
in the region of shorter wave-lengths. Therefore, on the basis of the work 
described in this paper, the values of (M —* 0) may be calculated for all visible 
radiations of greater wave-length than 0*55 (x by means of the following 
equation 

(M - 0) « (2(f) -1 n - 0*27 X + 0*005 (x 
where X is expressed in microns* 

Appendix. 

Calculation of Excess Fractions by a Method of Least Squares . 

The theory of the Fabry-Perot 6talon has been recently described in a con¬ 
cise manner by Childs," 1 For the purposes of this Appendix, it is sufficient to 
♦ 1 J. Soi. Insfca.,’ vol. 3, pp. 97,129 (1926). 
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indicate that the normal distance, /, between the optical surfaces of the 6talon 
can be expressed in the following form :— 

2f^(N + t)X (1) 

where X is the wave-length of a monochromatic radiation and (N + s) is the 
total number of waves of this radiation contained in the distance 2f, N being 
an integer and e the excess fraction. 

In the foregoing work a real image of the circular fringe systems is pro¬ 
jected on the slit of a spectroscope by the lens M 2 (fig. 4) and the linear diameters 
of the circular fringes* are measured visually in the focal plane of the spectro¬ 
scope, using a micrometer eyepiece. It can be shown (Childs, loc. cit) that 
if d v d ti <J 8 ,..., d p are the linear diameters of the first p fringes, counting out¬ 
wards from the centre of the system, then the following relations exist between 
the squares of the linear diameters and z :— 

z^IcUd*, 1 fe = *Nrf 2 2 , 2 f + (2) 

In these equations A is a constant whose value depends on the focal length 
of the lens M 2 (fig, 4) and the magnification factor of the spectroscope. 

The fractional excess z may therefore be calculated from measurements of 
the linear diameters (in any arbitrary units) of only two fringes, since there 
are only two unknown quantities, e and AN. A more accurate value of e 
can obviously be derived if more than two fringes are measured. Suppose y> 
fringes are measured and that in equations (2) we put * 

z/kN = a ; 1/AN ~~ 6. 

Then rewriting equations (2) 

df — a, d 2 2 ~a^b t d 3 2 a + 2fc, , d* *= a + (p — 1)6, 

the best values for a and b can be determined by a method of least squares. 
The normal equations in a and b are 

£ = pa -f sb , 

S = sa + <*b, 

where 

s - d* + d£ + dj+ :.. + **, 

S - d z * + 2d,* + 3 d * +.- + <*- 1 K 2 > 

a == l 2 + 2 2 + 3 2 + ... + {p — l) 2 . 

* Since the interference effects are viewed in light reflected from the interferometer in 
the above work, the dark fringes are moasured. The fringe systems produced in trans* 
mitted and reflected light by a Fabry-Perot 4taIon having lightly silvered reflecting 
surfaces are analogous to Newton's Rings in transmitted and reflected light. 
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Solving for a and b 


Therefore 


rsL - h ^ pft - sZ 

'fKT — «* ' JKT — s 2 

</ .>*S 

* " W :r «Z * 


(3) 


It ?8 customary at the Laboratory to measure live fringes, but for the present 
work it was considered sufficient to measure three. Tf ft =. 3, then 


52 - 38 
38 - 32' 


ft often happens that the first fringe is too small and indistinct for accurate 
measurement, but the same method may be applied to the diameters of the 
next p rings, and the right-hand side of equation (3) then automatically gives 
the value of (I -\- s). 


The writers wish to thank Sir Joseph Petavel and Mr. J. E. Sears for their 
encouragement and for facilities for carrying out the experiments at the 
National Physical Laboratory. 
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Ground-Terms in the Spectrum of Nickel II and. Proposed Standard 
Wave-Lengths in the Schumann Region . 

By A. C. Menzies, M.A., Head of the Physics Department, University College, 

Leicester. 

(Communicated by R. Whiddington, Jb\R.S.—Received August 31, 1928.) 

[Platk 0.1 

During the investigation of fuse-spectra* it has been observed that this 
source is particularly suited to the study of low-level terms. When the fuse 
is blown in air, reversals occur owing to the vapour produced, and these 
reversed lilies are found to involve low-level terms. When the fuse is blown 
in vacuo in the vacuum grating spectrograph, it is found that the lines involving 
the ground-terms of the spark spectrum come out particularly strongly, and 
are also very long (see note on the spectra of On 11 and Ag II at the end of 
this paper, and spectra 1 and 2 in Plate 6). 

Since the expected ground-terms *D a and a I) 2 of Kill have not yet been found, 
it was decided to see what information the above-mentioned methods could 
yield. 

Terms in the Spectrum of Ni I I . 

The spectrum of the once-ionised atom of nickel has been recently analysed 
into terms by A. G. Shenstone.f In this scheme, which accords with the 
principles of Hund, there are missing the expected ground-terms 2 D 3 and *D a , 
the low-level term and the intermediate terms a P 2 , *P r Shenstone 
estimates the D-terms at about 5000 to 10,000 cm." 1 below the term a 4 F r> , 
which, being the lowest term he has found, he calls zero. On this basis, there¬ 
fore, the missing D-terms will be negative. In what is to follow, it will be 
shown that these D-terms have the values provisionally fixed at —*8392*9 
and —6886-0 for 2 D S and *I) 2 respectively, so that they agree well with the 
limit so set by Shenstone in his estimate. It will be observed that the terms 
are “ inverted/' i.e., that the lower term is the one having the higher j-number— 
in agreement with the rule requiring atoms in the right-hand half of the 
periodic table to have inverted terms. 

♦ Mfluues, ‘ Roy. Soc. Proc./ A, vol. J17, p. 88 (1928), and vol. 119, p. 249 (1928). 

f * Phya. Rev./ vo). 30, p. 2/55 (1927), 
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Experimental Procedure , 

The spectrograms were obtained in the Schumann region by the method 
outlined in the author a second paper referred to above, and will consequently 
be only briefly described here. 

Wires of commercial nickel, 21 gauge, were mounted in front of the slit of 
a vacuum grating spectrograph, made by Hilger, having a concave N.P.L. 
grating of 1 metre radius, ruled with a grating interval of 0*0000694158 cm. 
The spectrograph was exhausted by a two-stage glass mercury-vapour pump, 
backed by a Onco-Hyvac oil-pump (small size). After the pumps had 
sufficiently reduced the pressure, the wires were fused, and the very brief 
flash so caused automatically recorded the spectrum on the plate, in position, 
in the spectrograph. 

In the present work, two improvements wore introduced. First, the wires 
were mounted horizontally, instead of vertically, and the chamber carrying 
them was so modified that they were nearer to the slit (about 2 cm. distant). 
It was found that, under these* circumstance**, the lines varied greatly in length, 
in spite of the astigmatic action of the grating, so allowing the application of 

t 

the method of long and short lines. This has been earlier observed by Simeon.* 

Secondly, the spring-switch which w T as formerly used to dose the circuit 
was discarded, and, instead, the wires were themselves used as a switch. This 
was effected by lining up one wire carefully, held in an ebonite plug, while the 
other wire was held in a bung of pliant rubber, and arranged initially so as 
not quite to make contact. A slight tweak was then sufficient to cause the 
fuse. The same accumulator-battery of 110 volts, Ml ampere-hour capacity, 
was used, as before. 

The slit-width was at first 1 /10th mm. wide but it was later reduced to 1 /30th 
mm. In spite of this, it was still possible to get a good spectrogram with only 
one fuse, and the lines were very much sharper. (That reproduced in the 
plate was taken with the slit l/10th mm. wide.) 

Measurement of Wavc-kwfihs. 

This was done by interpolation between the carbon lines which occur as 
impurity lines in all spectrograms taken in this region, together with the 
hydrogen line at 1215*68 A.tJ. (first line of the Lyman series). The values of 
the carbon lines were taken as those given by Smith and Lang,f supplemented 

* * Roy. Soc. Proc./ A, vol. 104, p. 368 (1023). 
f 4 Phys, Rev.; vol 27, p. 36 (1026). 
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by those of Bowen* above 1560. The values thus obtained were probably 
accurate to 01 A.U., except in the cases of diffuse or very faint lines, and in 
some cases where the lines were sharp and near to a standard line the error 
was probably much less than this. 

Results. 


In the Table I which follows, the first column gives the wave-length m 
vacuo , the second remarks on the appearance of the line (d, diffuse ; s, strong ; 


w, weak ; 1. 

long : m. 

medium ; sh. 

short : and e, complex ; 

i.e., that the 



Table I. 



Wave-length, 

Kuna iUm. 

Wave'length 
(Blorh): 

Wave-number. ! 

1 

Terms. 

| Wave-number 
| (c&lmiLated). 

1104*5 j 

s 


85877 


1 

1168*0 ( 

w 


85617 



1171*3 

w 


85376 



1173*4 

w 


85220 


i 

1206*3 

w 


82898 


! 

1298*82 

sit 


76993-0 


j 

I 

1317-20 

1 


75918-6 

J l>. r’ J F 4 

: 76916-9 

1323*87 j 

»h (l 


75536*1 



1347-70 i 

ah \v 


74200*5 



1360*70 

ah vv 


73491 0 


i 

1362-on 

ah w 


73416*6 


, 

1370*21 j 

1 

1370-31 

72982•« 


j 72984*0 

1374 14 

ml 

1374*15 

, 72772*8 


72774*9 

1376*63 

a r 


72894-0 



1381 38 

l 

1381*44 

72391-4 

2 1>, -<: j r, 

! 72394*6 

1393 37 

ml 

! 

717)18-r, 

H) : r ' T) , 

71769*7 

1396*10 

*h 

1396 12 

71628-1 


1398*89 - 

ml 

1308*82 

71485*3 

-1 > a r *1*, 

71477*1 

1402*84 i 

ah a 


71284*0 


1411*09 

1 

- 1411-07 

70867*2 

s l>, c *7>„ 

1 70867*0 

- 1412*91 

1 ah 

| 

70775*9 

2 1) ;( fc*T>, 

70776-2 

1416*80 

1 Ml, 

1415*60 ? 

70631*5 

a i> : , i^T), 

| 70634*0 

1420*61 

j ah 

1420*28 ? 

70300-7 


1423*04 

; a xv 

1423-02 

70272*1 

; n>, r *T), ; 

70202-8 

1428*97 

, sh 

i 1428*80 

69980*5 



1434*19 

| ah 

1 1434*15 

i 69725*8 



1446*06 

J ah vx' 

i 

! 69201*3 

I *1>, >> 4 T>, 

i 09198*5 

1446*69 

; all w 

1440*47 

69123*3 


f 69127-1 

1449*86 

i a ah xx 

! 

68972*2 

| •l>.i >> 

I 08064*3 

irn-w 

1 1 

1451*75 

i 08.731*8 

1 u r» a 6 a T» a 

j 68734*1 

1463*48 

\ t a \v 


68330*3 

j 

1467*79 

i 


68129*0 


! 68129*8 

1482*13 ? 

a xx 


67470•5 

*i\ b n\ ? 

67457*4 

1600*46 

i 

1500*38 

1 66646*2 

•iv-mT), 

‘ 66646-0 

1502*22 

i 

i J502*14 

i 66568-1 

b n\, 

66569-7 

1610*84 

i 

t 1510*85 

1 66188*6 

*D u -b*Y\ 

| 66186*1 

1636*94 

i 

j 1536*79 

I 65064*3 


65062-8 

1581-39 

sli a 

| 1581*29 

I 63235*5 


03238*5 

1606*57 

ni 

| 1005*00 

62283*2 



1608*19 

in a 

j 1608*22 

j 02181*7 


; 

1614-66 

i m 

1 1614*05 

! 61932*6 


1 


* 4 PIivh. Rev..' vol. 29. p. 238 (1027). 
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Table I — (continued). 



; 

-length, j 

Remarks. 

1 Wave-length 
(Bloch). 

j ’ 

1 Wave-number. 

1 

Terms. 

Wave-numbe 

(calculated). 

16)6*90 

1 

1016-92 

01844-5 

t 

i 


1029-02 

wh 

1028-92 

01380*0 



um -so 

.si) 

1031*92 

01278-0 

1 


i 049-04 

/l) 

1049-00 

000)9-3 

1 i 


1 (152-83 

m s c 

1052-72 

00502-3 

o-r, '*-iV| 

60519-3 

1001-50 

in k 

1001 - 55 

60184-4 


1071 - HO 

sh 

1072-01 

50812-2 



1072-01 

h1i 


50770-1 

j 


1087-75 

Ml 


59250-5 

i 


1090•59 

nil 

1090-55 

59150-9 

i 


1092-44 

1 

1092*29 

59080 * 3 



1701-04 

nil ti 

1701-43 

58760-8 

! | 


1703'45 

i 

1703-23 

58704-4 

! »D, -I 7 !), i 

58704-4 

1704 07 

ah (i 

1704-44 

58002-1 



1707-39 

m s 

1707-20 

58568-9 



1708-02 

m w 

1708-40 

58526-8 



1709-74 

1 H 

1709-09 

58488*4 

i ! 

58491-8 

1715-33 

in is 

1715-12 

58297-8 

; u ‘TV. - i 

58301-3 

17)5-04 

fill H 

1715 82 

58277-1 



1719-50 

m h 

1719-27 

58156-4 



1721-24 

fib s 

1721 03 

58097-7 



1722*29 

m fi 

1722-14 

58062-2 



1723-74 i 

fill w 

1723-7U 

58013-4 


580(5-1 

1724-41 

fill \v 

1724-20 

57990-8 

j o j r ( ■ r -IV. ; 

579H9-6 

1733 IK 

m 


57607-4 

i “ i 


1738*28 

m 

1738-21 

57528-1 



1738-77 

m 

1738-70 

575)1-9 



1741-00 

i 1 

1741-01 

57418-5 

; ■!>;. a -TV, 

57418 5 

1742-00 

in 

1742* lit 

57403-3 

j 1 


1747-02 

Ml) 

1740-94 

57240-3 

; a *V 4 -b*l\ \ 

57240*4 

(748-32 

J 

1748-31 

57197-8 


57197-5 

1751-93 

l 


57079-9 

J l>:i «“F t 

570791 

1753-05 

ml 

1753-22 

57043-4 



(754-82 

l 

1754-93 

56985-9 

; a I> a ; 

50984-9 

1760-52 i 

fill w 


56801-4 


1764-07 i 

m 

: 1704-84 

56667*8 



1767-90 

Ml 


50502•5 



1709*08 , 

Ml 

1709-90 

56507-4 



1771-55 ! 

fill w 

j 1771*80 

50447 7 

; « 4 i 

50455 0 

1773-98 

ml 

i 1774*22 

50370-4 

1 Vi v 

50370-4 

1776*94 | 

1 fih fi 

1770*10 

50308-2 



1781*24 , 

sh \v 


50140-7 



1782-71 1 

fill w 

1 

50094-4 

i 


1788-54 

1 1 


55911-5 

' ,J J> a 

, 55011-0 

1792-88 

fill w 

1793-04 

55770-2 

«*F a -6<B 4 

55781*8 

1794-90 j 

fih 


; 55713-4 

i a *F ;r ~5<T7, 

55711*0 

1804-47 ! 

1 


55417-9 

| M) a " 

55410-7 

1807*19 1 

sh 

| 1800-08 

55334-5 


1810-40 I 

! sh 


35236-4 

i 

! 

J811-73 

fill K 


! 55105*9 

l 


1819*29 

fill 8 

! 

! 54906*5 

j 


1823-09 

m 

i 

■ 54851-9 



1829-90 

m 


! 54640-0 

I 


1847-22 

tn 

1847-4.7 

1 54135-4 

1 


1849*30 

sh w 

1849-54 

54074-5 



1854-14 

m 

; 1854-10 

1 53033-4 

! 


1858-73 

fill H 

j 1858-71 

! 53800-2 

] 
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line has the appearance of being double), the third the wave-length as given 
by Bloch,* the fourth the wave-number, the fifth the allocation of terms, if 
any, and the last column the wave-number calculated by adopting the values 
already given for 2 I) 3 and *D a . 

Wave-length Measurements in the Arc in Air. 

In order to continue the above observations into longer wave-lengths, where 
more reliance might be put upon the measurements, an arc was burned in air 
txitween pure nickel electrodes (from Adam Hilger, Ltd.). The arc was main¬ 
tained by cells (110 volts) at 5 amperes. The exposures were made on Schumann 
plates with a Hilger quartz sjKJctrograph (small size), having a dispersion of 
about 10 A.U. per millimetre in the region investigated. 

Taking as standards three spark lines determined by Shcnstonc in the 
neighbourhood of 2000 A.U., the lines of wave-length below this were roughly 
determined. This allowed the allocation to two lines of the combinations 
a 2 F s — h 4 Po and a 2 F 4 h and their true values were calculated from 
tthenstono’s term-scheme. These two lines (1938*159 and 1886*06 respectively) 
were then used with 2004*93 (a 2 D s — e ,2 P a ) to calculate a new Hartmann 
formula, so that lines within the range of the formula might be more accurately 
calculated. 

Wave-lengths were also measured in the same way on plates taken by fusing 
nickel wires in front of the slit of the spectrograph. In this way some lines 
were obtained which were either absent in the arc photographs or so very 
faint that measurement was impossible. In the Table If which follows t he 
first column contains the wave-lengths measured as above (F after the wave¬ 
length means that the line has been measured in the fuse-spectrum only), 
the second the wave-number, the third the terms to which the line belongs, 
and the last column the calculated wave-number (assuming the values already 
used for a I) 3 and 2 D 2 ). In the third column, Sh means that the line has been 
previously allocated to the terms by Shenstone. 

Other Evidence .—It is believed that the ’values adopted for the I)-terms are 
correct within one unit of wave-number. 

These values imply a separation 1506*9. Now it is possible to form an 
estimate of what this separation should be, approximately, since these D terms 
will be the limits to which the arc triplet T> terms tend. Consequently the 
overall separations of these D triplets in the arc spectrum will tend towards 
the D-separation in the spark spectrum. Fortunately the arc spectrum 1ms 

♦ * J. Phy«. et Had.,’ vol, fl, p. 105 (1925). 
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Table II. 


Wave-length. 

Wave-mini her. 

Terms. 

Wave-number 
(calculated). 

1965-35 

50881*5 

-r*K 4 (Sh) 

50881*5 

1953 44 

51191*7 

**]>--* fi a (8h) 

61102-2 

1951*04 F 

51231•1 


51230*5 

1940*12 F 

51543-2 



1939*00 F 

51557-0 

2 I> ;{ a «1> 4 

51556*9 

1018-40 

1 52126-8 

*D f -rt 4 D t 

52127*0 

1898*70 V 

! 52667■6 

H). n'T), 

52668-0 

1807-02 F 

52697 6 

a* F;i-6 3 F :| 

52698*6 

1896*18 

52737■6 

a D a -rt 4 D a 

52737*4 

1893 65 F 

52808*1 

2 F 4 (Sh) 

52809*2 

188)*38 F 

i 53165-3 

tr a F a --6*n t {Sh) 

53158*5 

1860-76 F 

! 537415 

a *F S h 2 l> t 

1 53739*7 

1868-68 F 

; 53801*6 1 


i 


bowl ordered into terms by Bechert and Sommer.* The triplet D-separat-ions 
according to these workers are successively:— 

T 3 ' J,' - 1508-29 

and 

7 * - rf/ 1506-29, 
while the spark D-separation here found is 

*D 3 2 D 2 = 1506-9. 

'Lilia constancy of separation paral lels that of the /-terms, to which Shenstonef 
has drawn attention. 

The Missing 8 and P Terms, 

While nothing has been found during the course of this work to determine 
these three missing terms with certainty, it is thought possible that these 
terms may be accounted for in this way. MajumdarJ haB investigated the 
nickel spectrum in the ultra-violet in the oven and in the under-water spark 
for reversals. Most of the reversals so found belong to the arc spectrum but a 
few undoubtedly are spark lines. Among the lines not allocated to the arc- 
terms are two lines, 2802 • 29 and 2794 • 88 A.U., having a wave-number difference 
of 95-2. Majumdar finds them reversed in both the oven and the under-water 
spark, so that they should belong to low-levels and be strong combinations. 

* ‘ Ann. Physik,’ vol. 77, p. 351 (1925). 

t Loe- eit. 

i ' Z. Physik,’ vol. 39, p. 562 (1926). 
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Yet they do not tit in with the low terms either of the arc or the spark. Also 
the second line is listed by Exner and Haschek* in the spark only. It is hews 
suggested that these lines may be a Sj ~ a P a and 2 B X — a P A . Since none of 
the terms are known, this does not make it possible to determine any of the 
terms singly. But by making plausible estimates of the values of the terms 
it is possible to guess at other lines involving them. In this way the long 
line 1692*44 and the strong medium-length line 1652*83 suggest themselves 
us 2 D 2 — 2 P 1 and 2 D 3 — *P a . This would mean that the missing terms were 
*P,. 52200 ; 2 P 2 , 52109 ; and 2 S,, 16432. The following allocations would 
then be possible : - 


Wave-length. 

Wave-n umbor. 

i 

Terms (?). ■ 

. __ ...i 

Wave-number 

(calculated). 

2802-278 

H. 

35674-7 



2794-83 

Mr. 

35709-86 

’■s.-’P, 

— 

1092-44 

M. 

59086-3 

*1),-*P, ' 


1052*83 

M. 

00502-3 

a D a -“P s 


3170-735 H. 

31529-4 

ffl s F,-»P, ! 

31523 

3234-0 

EH, 

30912-7 

«*F,~*P, 

mm 

2672-73 

EH. 

37403-8 

«5r> a -*p, j 

37395 

2791*01 

EH. 

35818-8 

"^-‘P, ; 

35806 

2802-278 H. 

35074•7 

a <F, -»P, 

35007 

2794-93 

EH. 

35708-5 

a «F 1 ~«p 1 • ; 

i 

35758 


(In the above the letters refer to the authority for the wave-length : H. f Hamm,t Ma., Majuwt- 
dar ; M., Author ; E.H., Exner and Haschek.) 

If these suggestions are correct, then 2 S a is very near to the low term a fP,. 
and as it has the same j- value, all the lines having 2 S f as the low-level term 
would lie close to the a 4 P } lines, and so perhaps escape notice. 

Good agreement in the above is not to be expected, since the wave-lengths 
have been drawn from four different sources. The suggestion must, however, 
be regarded as highly speculative. 

Standards in the Schumann Region. 

The determination of the D-terms above makes it possible to calculate 
the theoretical values of the wave-lengths from the last column of Table I. 
These can then be used as standard lines between which to interpolate the 
values of unknown lines. 

Since the lines do not involve high terms, they are not very likely to be 
subject to fortuitous fluctuations in wave-length, and so are suitable lines for 

* KayserV 1 Hand bitch der Spectroscopies 
f ‘ Z. wiss, Photogr.,’ vol. 13, p. 105 (1913). 
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standards. Another advantage is that nickel is easily obtainable in the 
form of wire or rod. 

For the convenience of readers a table of terms is here set out, being taken 
(with the exception of the low a l) 8 , 2 terms and the speculative low ^ and 
middle 2 P 2a terms) from Shenstone. In the last column, terms which should 
combine with the two ground terms are indicated by 2 and 3 for 2 D a and*I) 3 
respectively. The absence of a bracket to those numbers means that the 
lines corresponding have been found. 

Table III. 


Term type. 

Term value. 

1) com hi tuition. 

Term type. 

Term value. 

I) combinati 

Ww torniK—- 


i 

i 

«**•» 

50098*9 

2 3 


8392-9 

1 

a *15-, i 

50311*5 

2 3 

»D, , 

0880*0 


*P 3 ? ' 

52109 

(2) 3 

a*P 6 

0 0 


*P, ? i 

52200 

2 

a*?, 

936-4 


i> *p» ; 

58176*8 

2 3 


1721-8 


»***. i 

58185*4 

(2 3) 

a*V i 

2270-1 


b 4 P 4 

58636*6 

(2) 

a‘7, 

5100-2 


b 2 F a 

59300*1 

2 (3) 

a'¥ a 

0001-5 


b *F 4 

59736*9 

3 

«h> 3 

14714-0 


&*!>„ 

59760*0 

2 (3> 

fl'I), 

15402*0 


6«P, 

59887*3 

(2) 

a 4 ! 5 # 

10394-0 

t 

5‘I), 

00341*2 

(2) 3 

*8, T 

10432 y 


ft 3 P a 

60571*4 

2 3 

<»*, 

10441-8 


b*J>» 

62241*1 

2 3 

«*P, 

10041-7 


b ‘Dj 

62312*5 

2 (3) 

a*P a 

20070-5 


6‘15, 

62354*4 

(2) 

0»? t 

21199-0 


6 4 D 4 

02383*3 

3 

aHh 

24105-3 


C *B, 

63370*8 

2 3 

a*<l 4 

24129*3 


<•‘15, 

63981*0 

2 (3> 


i 


e*P, 

04591 • 1 

2 3 

Middle terms— 



e *P, 

*15508*6 

2 

a 1 !). 

43101-0 


C *S, 

65888*9 

2 


44344*5 

2 3 

6 ‘s. 

65906*2 

(2 3) 

* 4 G» 

4497M 


ft *H, 

66755*5 



45102*7 


6‘H, 

67327*5 


a 4 C a 

45241*0 

2 (3) 

c*Fj 

67405*4 ? 

(2 3) 

a 4 T5 t 

45782*0 

2 

c *I<' 4 

07523*2 ? 

3 


45868*5 

(8) 


71428*6 

(3) 

a 4 F # 

46163*2 


6 ‘G, 

71529*7 


O Hij 

46624*7 

Cl 3) 





46905*9 


High terms- 



a 4 F 4 

47023*8 

3 i 

! d 'Z* 

83404*4 


a 4 Fji 

47681*i 

(2 3) I 

it 4 

83929*8 


tt 8 5 4 

47977*5 

3 

|’ 

84093*9 


a 4 F a 

48030*5 

(2 3) 

j d ‘F, 

85671*0 


a *F 4 

48686*2 

i 3 

1 

85132*2 


* 

49025*6 

i 2 3 

j <**?, 

i 

80333*0 






I4S A. U* Memnes, 

Note on the Spectra of CUII and Ag II. 

A. G. Shenstone* has recently published a term-scheme for Ag II, and hi 
this paper he quotes the results ol K. J. Lang, who has measured the linaa 
involving the ground-term *S 0 of Cu II in the interrupted arc in vactm. The 
same lines were independently identified and measured by the author in the 
fuse (the second paper referred to above), and it is interesting to compare 
the values obtained. For convenience in comparison they are here set 


out:— 

• - 

Lang. 1358-84 1368-00 1472-48 

Author . 1358-76 1367-92 1472-38 


In the same paper are quoted the measurements of H. E. White on the 
wave-lengths of the lines of silver involving the ground-term. The author 
had also prepared a term-scheme of Ag II, but as it agreed entirely with the 
scheme of Shenstone (although not so detailed) it was naturally shelved. It 
is thought worth while giving here the wave-lengths of the 1 S 0 lines measured 
in the fuse, however, as confirmation of Mr. White’s measurements :— 


White . 1112-46 1107-05 1195-87 

Author. 1112-35 1107-01 1195-76 


These lines of copper and silver are reproduced in 1 and 2, Plate 6. 


DESCRIPTION OF PLATE 6. 

(1) Fuse-spectrum of silver wire, 99*5 per cent. Ag., 20 gauge, showing the lines involving 

the ground-term *S 0 (magnification 3J). 

(2) Fuse-spectrum of copper wire, 20 gauge, showing ground-term lines corresponding 
. to the silver lines in (1) (magnification 3£). 

(3) Fuse-spectrum of nickei wire, commercial, 24 gauge, showing the lines involving the 
ground-terms *D 3 , *D a (magnification 1*5). 

(4) and (5) Further enlargement of (3) to show detail (magnification 5*6). 


* «Phys. Rev.,’ voi. 31, p, 317 (1926). 







Meuzies, 


Itotf. $ or ' t >ro( '7 - I■ i'oI. 1 12 :2, PI. G. 



The magnification jxiveil on the left in that of the original pilotograph : that on 1 hr tight the 

actual magnification on this plate. 


( I'nciii*) p. 1 I'J.) 
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' Ground- Terms in Spectrum of Nickel II. 

Summary, 

The method of the fuse-spectrum devised by the author is particularly suited 
to the investigation of ground-terms, and is hero applied to the elucidation of 
those belonging to Ni II. 

Using the fuse horizontally in the vacuum grating spectrograph and very 
near the slit, there is a tendency to form “ long and short lines ” in spite of the 
astigmatic action of the grating. Many lines,, obviously connected on account 
of their length and strength were found on analysis to belong to the hitherto 
unknown ground-terms 2 D a and *D 8 of Ni II. 

Since the combining middle terms are known with accuracy a determina¬ 
tion of the values of 2 D 3 and *D 8 allows the calculation of conveniently spaced 
lines, which can be used as standards in the Schumann region. The lines 
extend from 1317 to 1910 A. IT. 

In a concluding note the lines involving the ground-terms of Cu II and Ag II, 
as measured by the author, are given for comparison with the measurements 
made by Lang and by White respectively. 

[Note added $ November, 1928.—In a private communication Prof, Shenstom* 
tells me that the terms 2 D 3 , a have been fixed by R. J. Lang at almost exactly 
the same values as determined here, but that he considers them fixed here 
with greater certainty. 

Also the lines of Majumdar quoted in the paragraph “ The Missing 8 and P 
Terms'* are probably impunity lines, ho that the missing 8 and P terms 
suggested here should be dismissed as spurious.] 
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The Spectrum of Doubly Ionised Fluorine (F ///). 

By Herbert Dingle, B.Sc., Assistant Professor of Physics, Imperial College 
of Science and Technology. 

(Communicated by A. Fowler, F.R.S.—Received September 4, 1928.) 

| Platk 7. ] 


Introductory. 

When discharges of gradually increasing intensity arc passed through a 
vacuum tube containing silicon tetrafluoride (SiF 4 ), the lines attributable to 
fluorine appear successively in four fairly compact groups. Between the first 
three of these groups it is possible, by careful control of the conditions of dis¬ 
charge, to make a clear separation ; the fourth, though distinguishable from 
the third, is less easily isolated. The first group has already been identified 
as the spectrum of the neutral atom of fluorine (F I).* It is probable, therefore, 
that the others are assignable to F II, F III, and F IV, respectively. The 
present paper contains an account of the third group, with a partial analysis. 
The resemblance between the spectrum and that of singly ionised oxygen 
(0 + ), which has the same electron structure as doubly ionised fluorine, confirms 
its assignment to F {,f \f 

Experimental Arrangements. 

The lines of the spectrum in question appear when strongly condensed 
discharges are passed through silicon tetrafluoride at very low pressure. The 
intensity of discharge necessary is indicated by the fact that the lines do not 
appear in the photographs which accompany Prof. Fowler's study of the silicon 
spectra,^ although Si III and Si IV are shown there in considerable strength. 
The method of preparation and purification of the gas has been described in 
the first paper on the spectrum F I (loc. cit.). With the stronger discharges, 
however, the lines of impurities arising from the material of the tube and 
electrodes were considerably increased in number, and great care was necessary 
to identify them as completely as possible. Boron, carbon, oxygen, sodium, 
magnesium and aluminium were the chief impurities found ; in particular, the 

* ‘ Roy. Soc. Proc.,’ A, vol. 113, p. 323 (1926); A, vol. 117, p. 407 (1923). 

t It is convenient to coniine the symbols F I, F II, F III,... to spectra, and the symbols 
F, F* , F + + ... to tbe corresponding atoms. 

J 1 Phil. Trans./ A, vol. 225, p. 1 (1925). 
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Spectrum of Doubly Ionised Fluorine (F 111). 

B III pair at XX 2068,2066 occurred in surprising strength, and formed the most 
intense lines in the spectrum. A few lines which have not been identified 
have been removed from the list of F III lines on account of their appearance 
in the spectrum, kindly lent by Prof, Fowler, of an “ empty ” tube containing 
the minimum amount of air necessary to permit the discharge to pass. The 
linos of silicon were identified by means of Fowler’s tables* 

The spectra used for measurement purposes were obtained by means of 
three instruments—(1) a 10-ft. concave grating (first order); (2) a quartz 
Littrow Hpectrograph, giving a dispersion ranging from 5 *5 A. per millimetre at 
X 3100 to 2 A. per millimetre at X 2300 ; and (3) a quartz spectrograph, having 
separate telescope and collimator, and giving an average dispersion of 8*4 A. per 
millimetre over the range X 28(H) to X 2200. The wave-lengths adopted for the 
stronger lines above X 2300 are the mean values obtained from several plates 
taken with the first two of these instruments; it is unlikely that they are in 
error by more than 0*01 A. They are given in Table I to the third decimal 
place. Lines below X 2300, and the weaker lines throughout the whole range, 
were obtained only with the last-named instrument, and their wave-lengths 
are therefore less certain. The degree of accuracy with these lines varies with 
their intensity and position in the spectrum, but the error should not exceed 
0*1 A. in the most unfavourable case, and is doubtless generally much less 
than this. 

The lines were measured usually with reference to iron arc standards, but in 
some instances internal standards of silicon and other impurities were employed. 
As the spectrum appeared only when the pressure in the tube was very low, 
no displacement with pressure was observed, and the wave-lengths obtained 
from different plates were very consistent with one another. Among the 
plates measured was one taken several years ago at the Imperial College by 
Mr. J. S. Clark, in which the stronger lines of F III appeared with excellent 
definition. 

The Lines of the F III Spectrum. 

Three hundred and fourteen lines belonging to the F HI speotrum have 
been measured and are included in Table I. There are possibly some additional 
lines in the Schumann region among the lines of F IV, but until the latter 
spectrum has been analysed it is impossible to distinguish them with certainty. ’ 
None of the lines in Table I has appeared in any previously published list of 
fluorine lines, except the 11 lines in the extreme ultra-violet, at the end of the 
table, which have been given by Millikan and Bowen, and are here copied from 

* toe* oit . 
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H. Dingle. 

their lists.f The intensities are eye estimates, and necessarily suffer in pre¬ 
cision from the variation of sensitivity of the photographic plates over the 
region covered by the spectrum. The letters which occasionally accompany 
the intensity indices have their usual meanings. 


Table L—Lines of Doubly Ionised Fluorine (F III). 




Combinations. 


A (Int.). 

V. 



Remarks. 

Quartet. 

Doublet. 



1 

3267*202 (4) 

30508*43 




64-102 (9) 

026-93 


i 


54*837 (2) 

714-68 


1 


53*79 (i) 

724*5 




53-43 (24) 

728*0 




52*90 (i) 

732*4 


1 

) 


38*51 (1) 

809*5 


1 


13*972(6) 

31105-19 


j 3* P, - 3 p I > 5 


01*19(2) 

229-4 



3194*66(1) 

293 2 


i 

94*21 (1) 

297*6 


i 

92*27 (i) 

316-7 


i 

i 

91*45 (2) 

324*7 



74*725(10) 

489*71 


3# P, — 3 p D g i 

74*125(12) 

496*00 


3 s P* — Zp D a } 

*65*864 

577*85 

3»P a ~3pD fl 

| 

63*24(1) 

004*4 


54-387 (4) 

692-74 


| 

40*962(8) 

767*51 

3# P 3 3p Djj 

1 

J 

45*530(4) 

781*91 

3* P* - SpDj 

! 

42*777 (3) 

, 809*81 

i 

39*60(1) 

841*4 


i 

38*34 (2) 

854*8 


i 

84*73 (1) 

1 891*4 


i 

34*208 ( 8 ) 

i 890*77 

3« P a - 3 p D t 



32*709 (2) 

911*42 



29*34(1) 

25 *69 (|) 
26*14 (i) 
24*702(8) 
24*18 (3) 
21*516(12) 

| 946*4 

1 983*7 

1 989*3 

! 993*19 

999*2 

3« Pj - Zp Dy 



32020*48 

3fl P 3 — 3 p D 4 



20*09(2n) 
18*06 (l*n) 
17*72 (In) 

041*1 

055*8 

005*5 


1 Associated group; 
j possibly F II. 

15*009(10) 

080*56 

3*P*-3pD 5 



13*579(8) 

108*10 

3* Pj — 3 p D a 



3082*19(i) 

435*1 



77*40(1) 

484*9 




71*24 (In) 

550*7 



re iv. 

08*19 (1) 

583*1 




00*71 (2) 

598*8 

Zp& t -Zd I > 8 



59*24(2) 

078*4 



49*139 ( 8 ) 

786*64 I 





* Calculated value; lino masked by strong Si line, A 3105'72. 


f 4 Phye. Rev./ vol. 23, p. 11 (1924); * Phil. Mag./ p. 261 (Aug. 1924); * Phys. Rev./ 
vol, 29, p. 231 (1927). 
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Table I.—Lines of Doubly Ionised Fluorine (F III)—(continued). 



| 

Combinations. 


X (Infc.). 

! 

! 



Remark*. 

Quartet. 

Doublet. 





3048-80 (2) 

32700-3 




47-077 (4) 

808-82 




42-808 (10) 

854-85 




30*740(6) 

887-04 




39-254 (7) 

803-20 




35-40(2) 

936-0 




34-54(14) 

944-3 



? Impurity. 

32-08 (1) 

084-6 




03-15(2) 

33288*7 




01*020 (3) 

302-33 




00*007(4) 

322-57 




2099-465 (6) 

329-59 




97-513 (6) 

351*28 




97*168(0) 

355*14 

32? - 3d P 3 



94-273 (8) 

387-37 



92-3(1) 

409-0 




88-45 (4r) 

452*5 




84-479 (5) 

496-94 

3 p S a - U 1\ 



83*765 (4) 

504-96 



82-13(14) 

623-3 




78-145 (4) 

588-17 

3 p -3d P, 



06-89(1) 

695-5 



01-506 (5) 

755-74 




59-066 (2-f) 

777-70 




55-13 (2) 

829-0 




40-91 (14) 

889*5 




47*20(1) 

919-9 




32-470 (8) 

34090-89 

3F P a ““ 3j9 P a 



20-887 (4) 

220*18 



20-538(0) 

230*27 




10*335(10) 

279-00 

3* P a -3pP 3 



13-270 (8) 

315-60 

8 $ P t — 3 p P, 



05-301 (6) 

409-78 

3*P,~32>P, 



2800-75 (2) 

475-7 



05*458 (4) 

620*75 

3 s V x — 3 p P a 



04*32(1) 

540-3 



02*04(14) 

656-8 




80-447(8) 

598-58 

3f P t — 3j0 Pg 



87-550(8) 

621*19 

3a P a — 3 p P a 



76-49 (3) 
75-87(3) 
74-81 (5) 
73-63 (2) 
73-12 (4) 
71*40(8) 
69-003 (3) 

754*5 

701*0 

774*7 

780*0 

795*2 

810*0 

833*00 

3jp P, — 3d D 4 

a 

a 

a 

lines marked a 
are very diffuse 
and shaded fo¬ 
rwards red on one 
plate; they pos¬ 
sibly belong to 

67*30 (6) 

865*8 


a 

65*670 (4) 

885*64 


3 p Bj ** 34 Fj 



62*866(6) 

919*80 


3?Pi - 3dD a 


60*308 (9) 

951*02 


Zp P, - U £> a 


41*7(3) 

35180*3 



30*52(0) 

206-9 



7 Impurity. 

35*606(0) 

255*49 


Zp D 3 — Zd F 4 


33'062 (8) 

275-94 




26*081(5) 

374*31 



23*77 (3) 

403-2 
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Table I.—Lines of Doubly Ionised Fluorine (F III)—(continued). ^ 


! 


j Combinations. 



1 V, 

1 


*4 (lot.;, 

1 

i 

1 


Quartet. 

1 

! Doublet. 

[ 1 


2820-605 (4) 

35441*84 


; 

' 

18*302(5) 

471-94 


3s P a -3 p? x 


11*422 (10) 

568*74 


3s P* — 3 p P t 


07*5(0) 

608*4 



06*0 (J) 

627*4 




04*0 (J) 

652-9 




00-0(0) 

703-8 




2797*1) (l) 

730-6 




96*7 (i) 

745-9 




95*500(4) 

761*26 



Probably impurity. 

94*2 (3) 

777*9 




93-18(2) 

790-96 




90-6(0) 

824*0 


■ 

1 

89*352 (3) 

840*07 


- 

| T CIV. 

88-093 (6) 

856*26 


3s P A - Zp P l 


85-9 (2) 

884*5 



81*956 (4) 

935-35 




81*350 (5) 

943*18 


3» P, - 3 p P. 


78*7 (in) 

977-5 



77-0 (*) 

999-5 




39-81 (3) 

36223*7 

i 



59*589(10) 

226*60 

1 



06-664 (5) 

263 02 

! 



55*556 (7) 

279*61 




56*307 (4) 

282*89 



52*8 (i) | 

315-9 

. 

t i 


51*8(1) i 

329 J 




47*870 (6) 

381*08 

i 



44*5 (i) 

425-8 




40*3(1) 

481*0 




39 -2(1 —) 

496*2 




37*954 (4) 

512*84 


3s P g — 3jp 8, 


33*8 (i) 

i 568*3 



33*1 (J«) 

577*7 




32*6(0) 

584*4 




29*0 (In) 

632*6 

i 



27 *93 (2) 

646-9 




25*82 (2n) 

676*4 




22 *1(0) 

725*5 




20 * 0 ( 14 ) 

753*8 




18*2(2) 

778*2 


1 


17*1(J) 

793*1 




09*408 (3) 

897*51 


3a P, — 3p S, 


06*6(4) 

935*8 

I 



04*7(0) 

961*7 




2695 -45 (4) 

37088*5 



? OILL 

94*9/0) 

096*1 j 




94*0 (4) 

108*5 ] 




92*790 (6) 

125*2 i 


J 


86*8(4) 

208*0 




82*44(1) 

78*40(1) 

268*4 

324*7 



^ ? Imparities. 

77*5(1 + ) , 

337*2 , 

i 



68*71 (2) 

460*1 




68*18(2) 

467*6 




64*390 (4) 

520*90 ; 
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Table I.—Lines of Doubly Ionised Fluorine (F III)—(continued). 


Combinations. 


A (Int,). 


2656-476 (6) 
56*294 (3) 
53-757 (5) 
53-491 (4) 
53-252 (2) 
61-958 (3) 
51-723 (3-f) 
51-650 (3) 
50*5 (Jn) 
48-4(0) 
47*4(0) 
45-5(0) 
41-3(2) 
39-00 (2) 
39-45(3) 
39-06 (4) 
35*33 (2) 
34*8(4») 
30*93 (1) 
29-686 (8) 
27-2 (In) 
25-000(7) 
23*8 (i) 
17-3(1) 

13 6 (J) 
13*083 (5) 
10*8 (J4 ) 
00*046 (5) 
02*9(0) 
00*651 (4) 
2599*7 (2) 
99*230 (8) 
96*5 ( 1 ) 
95*488 (7) 
98*88(1) 
93-195(6) 
92-804(0-) 
92*06(1) 
92*43(1) 
83*760 (7) 
80*031 (0) 
70*840 (8) 
77*19(2) 
73*590 (4) 
70*917 (4-) 
70-2 (*) 

69*4 (0) 
04*88 (In) 
02*413 (4) 
64*5(4) 
.53*3(J) 

62*2 (i) 
60 * 80 ( 2 ) 
60*04(1) 
49*87 
49*08(3 
47-8 (J) 
44*48 (4) 


!U) 


V. 


37032-69 

035-25 

671-23 

075-00 

678-40 

090*78 

700- 12 
702-68 
717-5 
747-4 

701- 7 
788-8 
848-9 
873-2 
875-3 
881-1 
934-6 
942-2 
998-1 

38016*03 

052*0 

083-89 

101*3 

195*9 

251-5 

257-50 

291-0 

360-87 

407-2 

441*91 

454-5 

401*45 

501- 9 
610-90 
540-7 
550-95 
556-70 
569-0 

502- 3 
691-71 
747-03 
750*41 
790*4 
844*51 
884*09 
895*8 
907*9 
977*3 

39014*03 

134*9 

153-3 

170*1 

191*6 

203*3 

206*9 

209*0 

237*8 

280*0 


Remarks. 


Quartet. 


Probable multi¬ 
ple!, discussed 
in paper 


Zp D 4 — 3d F 3 

3 p D 3 - 3d F t 
3 p I> 4 - 3dF 4 

3p Dj 3d Fjj 

3/> D a -3dF g 


lip D 4 

3j>I>, 

3P D « 
3pDi 
3p Pa • 

SpP, • 

3?Ps- 
3?P.' 
3?|i- 
3pP. • 
3p£i- 

8 p * 


■3rfF f 

-3 dF 4 

3dF„ 
3d F. 
3d D 9 
3d P| 
3d D 4 
3d D b 
3d D s 
3d 

3dD t 


Doublet. 


? Double, 


3 p D 4 — 3d D a 
3p D * — 3d D, 


3jp D g — 3d D 4 


? Impurity. 


} 


Cl 2660 02 (6) 

(Angttrer). 
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Table I.—Lines of Doubly Ionised Fluorine (F III)—(continued). 




Combinations. 


A (Int.). 

V. 

Quartet. 

Doublet. 

Remarks. 

2543-4(1) 

30305*7 


~ 


42-767 (6) 

315-45 

3 p P* — 3d P s 



41-0(1) 

842-8 



40-3 (1) 

353-6 




37*06 (i) 

403*8 


3p D, - 3d D„ 


33-644(4) 

456-99 

3 p P, - 3d P. 



30-66 ( 2) 

503*6 

8 p P t - 3d P 8 


?CIV. 

29-9(0) 

515-4 


22-5(0) 

631-3 




21-590 (4) 

645-59 

3 p P, - 3 d P, 



17-07 (3) 

716-9 

3p P* — 3d P* 



15-62 (4) 

739-7 

3p Pj - 3 d P, 



11-16(1) 

810*3 

3 p Pj — 3d Pi 

1 

I 

05-3(0) 

903*4 

1 

03-6 (H-) 

930*6 




2497*72 (2) 

40024-5 


4 


96-79(1) 
95-57 (in) 
93*78 (i) 
92-09 (f+) 
92-58 (0) 

039-4 

058-9 

087-7 

098*8 

107-0 



? Impurities. 

91-98 (0+) 

118-6 




85-82 (1) 

216*0 




84-360(9) 

239-67 

3a P a — 3 p 8* 



83-01 (0) 

261-7 



80-63 (in) 

300-2 




79-78 (i) 

314*0 




78*709 (6) 

331-40 




78*08 (i) 

341-6 




75-45 (|n) 

384-5 




74*2 (On) 

404-4 




70-48 (2) 

465-8 




10*279 (7) 

469-02 




66-162(4) 

536-60 




64-834(8) 

558-41 

3a P, - 3 p S, 



63-75 (2) 

576-3 



62-5 (2n) 

597-5 




58-7 (On) 

659-6 




56*898 (5) 

689-41 




55-81 (i) 

707-4 




54-62(1) 

727-2 



T Impurity. 

62*070(7) 

769*62 

3* P x — Zp S a 


51-56(4) 

778-0 



*49-5 «5) 

811 -5 

Zp D 4 — 3d D B 



45-55 (2) 

878*2 


? 0 II. 

41*622 (8) 

943-06 

3jp B* — 3d 1) 4 



36*31 (i) 

41033-2 



35*70(1) 

043-5 




34-13 (6) 

089*9 

Zp D 9 — 3d D, 



33-95(3) 

072-9 

3pD a -3d D t 



29-30 (i) 

151-6 



28*46(1) 

165-9 



* 

26-280 (4) 

202-84 

3<pD B ~3dD 4 



22-91 (3) 

260*1 

Zp D. — 3d D t 



22*78 (4) 

262-4 

SpD.-SdD* 



21-6(0) 

281-8 




* Wave-length and intensity uncertain j line inseparable from Si line given by Fowler as 
A 2440-53(2*). 
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Table I.—Lines of Doubly Ionised Fluorine (F III)—(continued). 


A (Int ,). 

Vi 

Combi 

Quartet. 

1 

nations. 

Doublet. 

Remarks. 

2420-44(3) 

41302*3 

3pD„ - Sd T), 



19-38(1) 

320-7 




18-44 (j) 

336*4 




10-05 (4) 

377*3 

3 p 1), ~ U D a 



13-60 (3) 

417*7 

3p D x - 3d TJ, 



05-01 (4) 

567*1 

8p D, - 3d P 3 



03-1(0) 

000*9 




2390-46 (2) 

820*2 



? 0 in. 

81-09 (2n) 

968*0 

3p P 3 - 3d P 3 



70*1 (0) 

42179-8 




07*2(1) 

231-1 

3 v J> 2 - P, 



60-86 (2n) 

237-2 




62-3(0) 

318-1 




52-4 (0) 

490*4 




49-46(J) 

550-1 




36*7(0) 

781-7 




34-99 (4) 

813-0 




34*12(1) 

820*6 




33-78 (2) 

836-8 




29*03 (4) 

006-0 




11*83(2) 

43242*5 




03*6(0) 

390*0 




00-27 (i) 

459-8 




2299-74 (1J) 

409*8 




98*31(3) 

490*8 




97*87 (1) 

505*1 




95*50 (J) i 

550*1 




94*81 Win) 

572*6 




90*9(0) 

637-5 




85*32(1) 

| 744*0 




84*0 (0) 

! 708*9 




83*4(0) 

780*0 




80*83 (1) 

830*1 




79*30 (3) 

858*3 




75*80 (J) 

927*0 




74*00 (In) 

950*2 




74*19 (i) 

958*1 




73*75(1) 

960*6 




72*04 (2) 

999*7 




08*7(0) 

44005*0 




52*83(2) 

374*8 




29*83 (1) 

842*5 




17*34(5) 

45085*0 


3 p Si *— 3d P a 


00*94(3) 

297*4 


8j) Sj — 8tl Pj 


1049*6 

95271 


2 p f P - ZpV 

** 

658-34(8) 

151897 

2pB t - 2p' P a 



657-09 

2047 


2 p' D - 3^P 


050-80(8) 

2239 

2p8 t - 2p' P t 



656rl0 (7) 

2416 

2jpS a — 2p' Vi 



030*17(4) 

8887 


2^P — 2p' D 

K* 

567*70 (7) 

170149 


2pO — 2 p* D 


465*08 (2) 

215017 


2j>P - 2 p' P t 


464*25 (2) 

6401 


2j>P - 2 p' Pi 


430*16 (4) 

232477 


2 pD — 2pT t 


429*49 (2) 

2834 


2pD — 2p' Pj 

- 


* Ware-length* and intenaitiat oopied from Millikan and Bowen’* list*; the elMdflcations, 
except thoae of AA 1049*8, 857*89, are due to Bowen. 
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Theoretical Structure of the Spectrum. 

According to the Heisenberg-Hund theory, the spectrum of doubly ionised 
fluorine should be similar in structure to that of singly ionised oxygen, which 
has already been elucidated with a considerable degree of completeness.* The 
most prominent terms to be expected may be represented in the usual way by 
the following table. (The notation of terms is the same as that used in the 
second paper on F I (loc. cit.).) 


Table II.—Predicted Terms of F ITT. 


Electrons 
outside 
mre gas 
shell. 

Adopted 

prefix. 



----- 

Torms. 

Term symbol. 

-.. — 

2a*. 2p* 

2 p 







2 D 

#P 

2s . 2 p* 

2 V 


<r 


2 P 



9 T) 



i 


Coro in 

*P state. 

Coro in *B state. 

i 

j Coro in 
state, 

t 

2a*.2p».3a 

3a 




2 P 

i 


2 D 

1 vg 

2a 8 . 2p* . 3 p \ 

3 p 


*P 

*S 

2 B *P *8 

1 

*F 

«p 

j H> 

2a* . 2p* . U j 

« 

«F 

«B 

*P 

2 F a B *P 

2 G 

*F 

*I> *P 3 8 

1 *B 

1 

2a* . 2p* . 4a 

4a 


4 P 


ap 

i 


*D 

1 *8 

2a* . 2p* , 4 p \ 

ip 

*1) 

*P 

*s 

m *p *s 

! 

*F 

*D *P 

| 2 F 

2a* . 2p*. id 

id 

*F 

*1) 

*p 

*F a D *P 

! 8 G 

*F 

«D if ay 

j *B 

2a* . 2p* . 4/ 1 

4/ i 


*F 

*B 

Hi 2 F *B 

| a H 

*G 

*F *B *P 

! *F 

2a* , 2p* . 5a 

5a 

i 

i 

1 

*P 


«P 

! 

1 


*D 

i *8 

i 


All the terms in the first two rows, except 2 p' a 8, have already been recog¬ 
nised by Bowenf as giving rise to combinations in the extreme ultra-violet. 
A consideration of the probable magnitudes of the various terms shows that 
none of them would be expected to be involved in lines above X 1200, which is 
the lowest wave-length at present attainable in closed vacuum-tube observa¬ 
tions. So far as the present observations are concerned, therefore, the spectrum 
may be regarded as beginning with the 3s terms in the third row. 


* A. Fowler, * Roy. Soe. Proo*/ A, vol. 110, p. 470 (1920); R, H. Fowler and Hart roe, 
‘ Roy. Soc. Proo.,’ A, vol. Ill, p. 83 (1920); Russell, 1 Phys. Rev./ vol. 31, p. 27 (1928). 
t 1 Phys. Rev.,’ vol. 29, p. 231 (1027). 
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Analysis of the Spectrum. 

All the terms arising from the addition of a 3s, 3 p or 3d electron? to a core 
i n the 8 P state have been detected. The multiplets in which they occur are 
set out in Tables III and IV. They comprise 80 lines. For convenience, 
Bowen’s multiplets in the extreme ultra-violet are also included in the tables, 
as well as' two additional classifications in that region, which will be explained 
later. 

Since no extended series of lines have been found, it has not been possible 
to assign accurate values to the terms, but it is nevertheless probable that the 
values adopted are not far from the true ones. They have been chosen in the 
following manner ; it is easily deduced from the irregular doublet law that 
the ionisation potentials of atoms having the same number of external electrons 
but consecutive values of the nuclear charge should form an arithmetical 
progression with a common difference of approximately 6*9. In several cases 
in which this requirement can he tested, it is foimd to hold closely. Con¬ 
sidering, therefore, the atoms, N, O f , F f \and adopting the respective values, 
14*5f and 35-OJ for the ionisation potentials of N and O h , we arrive at 62-4 
as the ionisation potential of F H '" , ‘, corresponding to a value, .506,000, for the 
ground-term, 2 p 4 S 2 . From Bowen’s observations the values of 2 p* 4 P 3 »i 
follow immediately. The remaining quartet terms have been evaluated by a 
comparison of effective quantum numbers with those of O II. In the latter 
spectrum, the effective quantum numbers (n*) of the terms 2 p 4 S 2 and 3 p 4 S 2 
are respectively 1*245 and 2*488, giving a difference of 1*243. Assuming the 
same difference to hold for F III, and observing that n* for the adopted value 
of 2 p % is 1*397, we obtain a value 2*640 for 3 p 4 S 2 , corresponding to a term 
value, 141,638. Adopting this figure, the magnitudes of the remaining quartet 
terms are found from observed lines. 

No intercombinations between the doublet and quartet terms have been 
detected, and the process has therefore been applied independently to the 
doublet system. Here, however, since the N I spectrum is not sufficiently 
known for the irregular doublet law to bo employed, a provisional start was 
made by assuming that the ratio of the 3d *F terms in the spectra OII and 
F III is the same as that of the 3 d 4 F terms. The value 108250*0 was thus 
obtained for 8d*F 4 , and the observations then gave the magnitudes of the 
other doublet terms, with the exception of those involved in Bowen’s lines. 
These were evaluated by using the effective quantum numbers, as already 

f Hopfield, 4 Phys. Rev.,’ vol. 26, p. 801 <1026). 

X Bussell, loc. tit. , 
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and classified by Bowen. t Wave-lengths uncertain; see notes in Table I. 









Table IV.—Doublet Combinations. 
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* Detected and classified by Bowen. t Lines observed by Millikan and Bowen. 
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explained, for the terras 3p s D, 2p 2 D, from which there resulted a value 
468855 for 2 p a D. As a check, the term 2 p 2 P was similarly estimated from 
the pair of terras 3 p a P, 2 p 2 P, the value obtained being 450648. The difference, 
2 p 2 D — 2p a P = 18207, thus obtained, was in very good agreement with the 
true figure, 17460, given by Bowen's observations. 

A slight modification of these figures was made as the result of a search for 
combinations between the 2 p' and 3 p rows of terms in Table II. The approxi¬ 
mate figures obtained show that the wave-numbers of the multiplets, 2j/ 2 D — 
3 p 2 P and 2 j/ 2 P —. 3 p 2 P, should be respectively of the order, 153000 and 96000, 
and that the groups should be separated by an interval, 56500, the inexactitude 
in which arises only from the lack of resolution of the multiple terms involved, 
and errors of observation. Among the lists of unclassified fluorine lines in the 
extreme ultra-violet previously given by Millikan and Bowen ( loc. tit.) there 
are two lines at vv 152047, 95271, whose difference is 56776. The identifica¬ 
tion, though doubtful, seems probable enough to justify the slight amendment 
of the approximate term values which it would require, and the values of 2p 2 D 
and 2p 2 P have accordingly been chosen as 467649 and 450187, respectively. 
It should be noted that, if there is any reality in the assumed identification, 
all the doublet term values arc? connected by observed lines, and are therefore 
relatively accurate, whereas in the quartet system the values adopted for the 
2p and 2p' terms are connected with the others only through what is effectively 
a scries formula. 

There are several strong lines not included in the analysis, it is possible to 
associate them in various ways so as to form connected systems of terms, but 
as no means of checking such systems or of deciding between them has been 
found, it has been thought best to leave the lines unclassified. In view of 
their strength and position in the spectrum, it is probable that they arise from 
terms given in the fourth or fifth column of Table II. There is one multiplet, 
however, which, on account of the strong probability of its reality, deserves 
special mention. It is as follows :— 

37671*23 (5) 3-77 37675-00 (4) 3 40 37678-40 (2) 

-21-78 -21 72 

37696-78 (3) 3-M 37700-12 (3+) 2 46 37702-58 (8) 
-67-43 -67-33 

37632-69 (6) 2-66 37685-25 (3) 

It evidently belongs to the quartet system, and has the form of a PD com¬ 
bination. If, however, the line v 37520*9 (4) is included, giving a difference 
of 114*4 with the line v 37685-3, it becomes a DF (or FG, GH,...) group. In 
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any case the intensities are abnormal. None of the afore-mentioned com¬ 
binations, occurring among the terms of Table II, would be expected in this 
region of the spectrum, and the identity of the terms involved therefore remains 
doubtful. 

Comparison of the Spectra 0 II and F III. 

The identified terms of the F III spectrum are collected in Table V and com¬ 
pared with the corresponding terms of 0 II as evaluated by Russell (loc. cit.). 
Since the F III terms are not absolute, and those of the doublet and quartet 
systems are independently estiznated, the only significant features of the com¬ 
parison relate to the intervals between component terms and the consistency 
of the ratios between corresponding terms. 

It will be observed that most of the intervals in F III are almost exactly 
double the corresponding intervals in 0 II. This is particularly noticeable 
in the quartet system. The most striking exceptions are the 3 d 4 D and 3 d 4 P 
terms. In both spectra the 3d 4 D term intervals are partially inverted, but 
the inverted intervals in F III are complementary to those in 0 II. In neither 
case is Landes interval rule even approximately obeyed. In the 3 d 4 P terms, 
on the other hand, the interval rule is obeyed very accurately in F III, and the 
3d 4 P 32 interval is again almost exactly double the corresponding interval in 
0II. The anomaly is due to the abnormally large value of the 3d 4 P 21 interval 
in 0II. In both spectra the terms are inverted. 

With the exception of the 2 p' terms, the ratios of term values increase 
steadily as the term values decrease, tending towards a value not far from the 
theoretical ratio of 2-25 for a Coulomb field. This is presumably a further 
indication that the absolute values chosen for the F III terms are of the right 
order of magnitude. The 2 p' terms are very large in F ill compared with 
0 II. The abnormality is particularly pronounced in the doublet system, 
where the ratio exceeds 2*25. 

The other exceptional ratios are those of the 3d 4 P a , 3 p 2 8j and 3d 2 P a terms. 
With regard to the first of these, it may be remarked that, in addition to the 
irregular interval value in 0II which has already been mentioned, the 3d 4 P 
terms in that spectrum depart from the usual order in being larger than the 
3d 4 D terms. The F III terms are normal in this respect. A similar remark 
applies to the 3p*S term, which is excessively large in 0 II, and the 3d a P a 
terms. It appears, therefore, in accordance with what has been found in 
comparing the spectra of other atoms with similar electron structure but 
different nuclear charges, that the higher the charge the more closely are 
the empirical rules concerning term magnitudes, interval ratios, etc., obeyed. 
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Table V.—Comparison of F III with 0II, 


Tonn values. 


Intervals between component 
terms. 


Symbol, 

1 

j F III. 

O 11. 

1 

—Si? 

| F III. 

on. 

*• P HI 
Ratl ° oir 



(a) Quartets. 




2p «S, 

506000 

283028 

1-79 

1 




354103 

163190 

2*17 

—342 

-163 

| 

I 2*10 

*P S 

353761 

027 


1 — 177 

- 82 

I 

i -JIG 

-r\ 

584 

162946 




1 

3* 4 P 3 

i 

! 181872-5 

i 

97521*7 

1 • 86 

31S-9 

158-0 

j 

2-01 

4 p a 

182191-4 

680-3 


211-3 

105-3 

2*01 

*p, 

402*7 

785-6 





3 ? ‘D 4 

149846-0 

76018*4 

197 

258-9 

124-6 

2-08 

*d. 

150104*9 

143*0 


180-7 

91-6 

2*07 

‘I). 

294*6 

234*6 


114*9 

55-5 

2*07 

*». 

j 409*5 

290*1 





*3j>*r a 

147592*9 

74536-7 

1-98 

188-7 

92-0 

i 

2*00 

-p. 

781*6 

628-7 


94-3 

46*1 

2*05 

4 Pi 

875*9 

674*8 





3p‘S, 

141633*0 

70859*0 

200 




3d‘F a 

111384*5 

51490*7 

2 * 1 $ 

203*7 

102*3 

1*99 

*P« 

688*2 

593*0 


155-6 

77*9 

2*00 

% 

743-8 

670*9 

- 

108-9 

54*0 

2*01 

**’» 

862-7 

724*9 





3d«l> 4 

108901*6 

50267*1 

2*17 

132*7 

- 42*4 

- 5*15 

*D, 

109034-3 

224*7 


- 2*6 

50*3 

- 0*06 

*D, 

031*7 

273*0 


- 40*1 

34*4 

- 1*17 

*»i 

108991*6 

309*4 
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Term values. Intervals between component 

terms. 


Symbol. 

I 

j F III. 

OIL 

E *‘" ST 

Pin. 

On. Ratio * ™ 



(a) Quartets—(continued). 


3d *P, 

1 108277*7 

60568*1 

2*14 


i 


i 



— 141 • 7 

- 73*1 1*94 

4 P. 

136*0 

485*0 








- 71*2 

- 66*5 1*08 

*P. 

064*8 

418*5 

! 




(6) Doublets. 


2 p *D 

467649 

266200 

I * 88 




2p a P 

450187 

242558 

1*80 




2 p' *0 

291500 

117030 

2-49 




2j>'*P, 

235170 

70436 

3-34 

-390 

-173 

2-26 

*Pi 

234780 

262 






175001*I 

93962-5 

1-86 

384*5 

180*0 

2* 14 

"p. 

385*0 

94132*5 





3i> 2 I> 8 

143506-5 

71308*2 

2-01 

390*4 

190*7 

2'05 


896*9 

498*0 





3p*P. 

139442*4 

08791*4 

2'OS 

80-9 

59*8 

140 

*Pi 

529*3 

851*2 





31)% 

138488*3 

79078*7 

1-75 




3d*iy 

108250*0 

50061*8 

2' 16 




• 




369*9 

211*6 

1*75 


619*9 

273*4 





3i*D, 

104491*4 

48566*4 

2 15 

118*0 

62*0 

2*27 

S D, 

609*4 

018*4 





3d*P, 

93403*2 

49590*8 

1*88 

-212*4 

-114*0 

188 

*Pi 

190*8 

476*8 
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It is diea^pomtmg to find no trace of combinations between the Sd*P and 
the Zp*D and 3p*P terms. The regions of the spectrum concerned have 
been examined, and the expected lines are definitely missing. Their absence 
leaves somewhat arbitrary the doublets chosen as the 3# 2 P — 3p ®S and 
3p*S-“3d a P combinations. In favour of the assignments made are the 
facts that the resulting terms are of the expected order of magnitude; the 
intervals are, in the first case, accurate, and in the second consistent, with regard 
to both magnitude and inversion, with the corresponding 0 II interval; the 
lines are strong and obviously important lines in the spectrum, and no other 
pairs exist with equal claims to adoption. It is interesting to notice also that 
in 0II the combination 3 p 2 D — M 2 P is absent, although the latter term 
combines strongly with 3/> s P and 3p 3 S. 

It is a pleasure to thank Prof. A. Fowler, F.K.S., for his vahiable suggestions 
during the preparation of the paper. 


Addendum. 

[Added September 24, 1928.]—As the Fill spectrum has not previously 
been described, it has been considered desirable to include reproductions of 
some of the photographs. These are accordingly given in Plato 7, covering 
the region X 3270— X 2200. 


DESCRIPTION OF PLATE 7. 

Spectrum given by powerful discharges through silicon tetrafluoride at low pressure, 
capillary of 41 end-on " tube being focussed on slit. Upper two strips taken on quart* 
Littrow spectrograph, and lower two on quartz spectrograph with separate telescope and 
collimator, giving smaller dispersion. 

lines not belonging to Fm whose origins are known are indicated below the spectrum— 
the lines of silicon by email dots and the remainder by ohemioal symbols. Identified 
multipleta of Fin are marked above the spectrum, the corresponding term symbol# being 


as follows:— 

a 

- 3ja«D 
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h 

3««P-3j»«D 

k 

3p«P~3d 4 JD 

e 

3j)*S - M *D :J 

l 
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m 

3p*P-3d 4 P 

■ e 
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Summary. 

(1) The spectrum of doubly ionised fluorine, obtained by passing strong 
discharges through silicon tetrafluoride, has been isolated, and 814 lines, 
extending from X 3267 to X 2207, have been measured and tabulated, 

(2) The spectrum has been partially analysed into quartet and doublet 
systems of terms, which have been correlated with the terms to be expeoted 
on the Heisenberg-Hurid theory, and 82 lines have been classified. 

(3) A comparison of the spectrum with that of singly ionised oxygen shows 
a close correspondence, with a few exceptions which have been discussed. 


The Band Spectra of the Alkaline Earth Halides. I.—CaF, SrF. 

By R. C. Johnson, M.A., D.Sc., Lecturer in Physics in the University, of 

London, King’s College. 

(Communicated by T. R. Merton, F.R.8.—Received September 7, 1928.) 

Introduction . 

Band spectra of the alkaline earth halides were familiar to the earliest 
spectroscopic workers. Moat of these spectra can be produced in both the 
flame and arc. The fluorides of calcium,* strontiumf and bariumj all give 
interesting groups of bands which present obvious regularities, and these have 
been measured under high dispersion by several observers. The chlorides, 
bromides, and iodides have pot been measured with such precision, although 
from time to time low dispersion measurements seem to have been made.§ 
Iti 1921 Datta|| made a systematic study of the fluorides of calcium, strontium 
and barium, and, added to these, data of the bands of magnesium fluoride. He 
gives an excellent plate of photographs of all those spectra and it has, therefore, 
not been considered necessary to reproduce any spectrograms in the present 
paper. Constant reference will, however, be made to this plate. Datta’s 
work was principally directed to the discovery of numerical relationships 

* Fabry, ‘Astroph. J./ vol. 21, p. 356 (1907); Rosoh, ‘ Z. Wins. Photogr./ vol 4, 
p. 384 (1906); Donjon, ‘ Donnies Numeriquefl do Spectroscopic/ extrait du vol. 4, p. 144. 

f Leopold, 4 Z. Wiss. Photogr./ vol. 11, p. 105 (1913). 

t George, 4 Z. Wise. Photogr./ vol. 12, p. 237 (1913). 

§ Koyser, 4 Handbuoh der Spectroscopic,’ vols. 5 and 6. 

II * Roy Soe, Proo./ A, vol 09, p. 436 (1921). 
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between the molecular weights and corresponding band spectra of these similar 
compounds. With, this in view he labelled the band groups in each spectrum 
A 1? k v A s , ..., B p B 2 , B 3 , ..., C v C a , C 3 , etc., so that analogous groups in 
the spectra of the various molecules should have the same designation. His 
selection of analogous spectra was largely based on their general appearance, 
and Datta gives several numerical relationships of an empirical character on 
the basis of this assignment. This work waff completed before the applica¬ 
tion of the quantum theory to band spectra became prevalent, and it, therefore, 
needs revision in the light of our present knowledge. For convenience, how¬ 
ever, Datta *s designation of the spectra by these letters will be used in referring 
to them. Mecke* has recently made a quantum analysis of many of these 
bands and recognised distinct band systems in the fluorides of all the alkaline 
earths. He has expressed these systems by formulas of the usual type, and 
discussed the band structure, the doublet separation, and the vibration 
frequency shown by this series of similar molecules. The present paper is a 
continuation and extension of Mecke’s work on the analysis of these spectra. 
The whole of the known band spectra of the fluorides of Mg, Ca, Sr, and Ba 
have been completely analysed and ordered in regard to their gross structure. 

General Discussion of the Spectra . 

Under low dispersion very little structure can be seen in these band spectra. 
A high-power instrument is necessary to separate and measure even the heads. 
Fine structure analysis is out of the question for CaF, SrF, and BaF; even, 
with good first order plates taken on a 21-foot grating, the individual band 
lines are packed close together and not resolved except at great distances 
from the head. One of the most notable features of these spectra is the 
existence of unusually prolonged sequences , running in some cases to at least 
30 members. It is further significant that only one, two, or at most three 
sequences of any system are ever discerned. The various recorded band 
systems of each molecule are constituted by the An = 0 and possibly the 
An = db 1 sequences only. An = n tr — n\ (The quadratic formula used 
by Datta and previous workers to express these sequences are not of much 
theoretical significance. After assigning initial (n') and final (n ,f ) vibrational 
quantum numbers to the bands of a system we now prefer to express it by a 
formula of the type : 

v - v, + (aV - b'n *+...) - (a"n" - b"n"* + 

* ‘ Z. Physik,* voL 42, p. 360 (1927), 


(1) 
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which gives explicitly the vibrational constants of the molecule in the initial 
and final electronic states.) These notable features of the alkaline earth 
fluoride spectra arise from the circumstance that the vibration frequencies in 
the initial and final states of the molecule differ by so little. It follows that 
the moments of inertia I' and I", and also the internuclear distances r 0 ' and 
r 0 " are very nearly equal. Franck* has indicated the mechanism by which 
changes of vibrational energy take place in a molecule, and it is clear that 
where, as in this case, the potential energy function of the nuclei is very nearly 
the same for two electronic states, it will be difficult to effect a change in the 
number of vibration quanta of the molecule. Hence we find the sequence 
Am — 0 is always dominant, and Aw = ± 1 sometimes occur, but are muoh 
weaker. Hence also, these molecules have great vibrational stability, and 
when in addition V and b" are small, so that the number of vibration quanta 
required to effect dissociationt is large, we have conditions under which we 
may expect to find long sequences. 

From the approximation of I' to I" it follows that —- (~ ), the coefficient 

of m 2 in the expression for the fine structure of these bands will be very small. 
Hence the interval between null Hue and head will be large. As an example of 
this we may take the B g B,' B 2 " B 2 '" groups of bands of CaF. The B 2 ' group 
consists of P heads associated with the B 2 group which are Q heads, while the 
B 2 "' group of P heads is similarly associated with the B 2 " group of Q heads. 
Reference to Datta’s plate (spectrum 3) emphasises how unfamiliar may be 
the appearance of a speotrum which results in a special case, such as this, 
in which the vibrational constants are approximately the same in the initial 
and final states. 

The Molecular Emitters .—Within the last three years a number of methods 
have been adopted and extensively applied to band spectra for the deter¬ 
mination of the precise emitters responsible for such radiation. Briefly, these 
are (1) Study of the absorption spectra of cold gases, and of vapours of known 
composition produced in the electric furnace ; (2) correlation of the electronic 
levels of different spectra, so that reliable experimental data by absorption or 
emission methods as to the origin of one of these fixes the molecule responsible 
for them all; (3) comparative methods based on similarities of gross and fine 
structure. In this connection the multiplicity of the electronic levels deter¬ 
mines the emitter as an even or an odd valence-electron molecule, precisely, 

* 4 Trans. Faraday Soc,,’ voL 21 , p. 3 (1925). 
t Bilge and Spouer, * Phys. Rev.,’ vol. 28, p. 259 (1925). 

m 2 
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as in atomic spectra ; (4) fine structure analysis gives the moment of inertia 
of the emitter, and therefore fixes the nuclear masses within limits which will 
give a reasonable value to the intemuclear distance ; (5) study of isotopy in 
its effect on both the gross and fine structure is, under favourable conditions, 
a precise quantitative method. 

The series of similar molecules BeF, BO, CO + , CN, N a + , have, for example, 
been extensively studied they give rise to similar spectra. All have pre¬ 
sumably the same electron structure which is the same externally as that of 
the sodium atom. There is no room for doubt on theoretical grounds that all 
the alkaline earth halide spectra arc diatomic, and, like the above, are of the 
one valence-electron type. Direct experimental evidence of this has been 
obtained recently by Walters and Barratt.J For this reason Datta’s suggested 
empirical relationships, based on emitters of the type XF a , and involving the 
masses of the emitters, are necessarily invalidated. Table I has been con 
structed showing the diatomic molecules which may reasonably be expected 
to exist and to have a structure similar to that of the alkaline earth fluorides. 
Such a table furnishes both the basis for a comparative study of molecular 
spectra, and suggests directions of research for new band spectra. The 
molecules marked thus (*) possess band spectra already known. 

The Vibrational Isotope Effect .—Because of the pronounced crowding to¬ 
gether of the heads in sequences, and the frequently low intensity of the 
sequences An = ± 1 when present, the alkaline earth fluoride spectra are 
not very favourable for the study of isotopy. In the case of calcium (atomic 
weight = 40*07) the two isotopes of masses 40 and 44 will exist in the ratio 
56: 1, so that the isotope effect in the CaF molecule will not be observable. 


Tabic I. 


Probable electron structure, j 

Molecules. 

i 

2 -4* 2 4- 8 -f 1. 

BeF* 

BO* 

CN* 

Nj+* 





CO** 




2 .f 2-f 8 + 8-f 1. 

M(?F* 

AlO* 

SiN* 

PC 

BS 

BeCl* 


2 -f 2 -f 8 + 16 + 1 . 

CaF* 

SoO*. 

TiN 

VBi 

A1S 

MgCl* 


2 + 2 + 8 + 18 + 16 + 1 . 

j SrF* 

YO 

ZrN 

AsSi 

GeP 

A18e 

GaS 

M«Br* 

ZnCl 

2 + 2 + 8+18 + 18 +10+1 . 

i BaF* 

j 

i__ 

LaO 

ON 

SbSi 
8nP 
Go As 

AlTe 

XnS 

GaSo 

M«I* 

CdCl 

ZnBr 


t Mullikon, 4 Phys. Rev,,’ vol. 20, p, 561 (1025). 
t * Hoy. Soc. Proc.,’ A, vol. 118, p. 120 (1928). 
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In the case of strontium (atomic weight = 87*63), the isotopes of masses 
88 and 86 would be present in the ratio 4*4 :L The resulting isotopic 
coefficient* for SrF is 1*00206. This is too small in practice to permit of 
measurement of the effect in spectrograms taken in the first order of a 21-foot 
grating. The only molecule of the group for which a vibrational isotope effect 
has been observed and measured is MgF. Details of this case are reserved 
for another paper. 

The Existence of Tails to Band Sequences . 

A number of sequences in the CaF and SrF spectra exhibit the phenomenon 
of a “ tail.” This occurs when the convergence of the sequence is sufficiently 
rapid and the intensity of its higher members is appreciable. Its formation 
is in many respects similar to that of a band head by fine structure lines, but 
it is not a very common feature of band spectra as the intensity is, as a rule, not 
sufficiently sustained down the sequence. Datta has recorded the positions 
of several “ tails ” in both CaF and SrF systems and has founded certain 
empirical conclusions upon his data. It would seem well to investigate there¬ 
fore the theoretical conditions under which tails may be formed. 

The heads of a band system are given by equation (l)f : 

v » v, + («V - 6V* + ...) - (a'V' - &"»" 2 + (1) 


A sequence is characterised by n" — n' = C (a constant). Substituting for 
n' in (1) we have 

v » v, - aV - b'C* + (a' - a" + 2ft'C) n" - (V ~~ b") n"*. (2) 


The critical value of »" for which a tail is formed is given by dv/dn" « 0 


n t 


n 


a! — a" + 26'C 

2~w-wr 


(3) 


For sequences of the (n, 0) type (i.e., defining them by their leading members as 
the (0, 0), (1, 0), (2, 0) sequences), we obtain, by substituting (3) in (2) and 
putting C = — n', for the interval between head and tail 


v, — v H = 


(«' 


— a" — 2&V)* 
4 (6' — 6") 


( 4 ) 


For sequences of the (0, n") type, e.g., those of which the leading members 


* Mulliken, • Phys. Rev.,’ voL 25, p. 119 (1925). 

t This is strictly true only it the Q heads are used. The investigation which follows 
also negleots possible terms of the type c V* and «"»"*, bat the extension in this oase can 
easily be made. 
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are (0, 0), (0,1), (0, 2), etc., we can show similarly by substitution of (»' -f- C) 
for n" in equation (1) that 


v = v e - a "C + b" C* + (o' - a" + 26"C) n' - (b' - b") n'*, 


and since C — n" 


n, - 


(o' - a" + 26"C) 
2 ( 6 ' - 6 ") ’ 


, v _ v ) = (o'-o" + 26'V')» 
'* v «> 4 (b'-b") 


(5> 

{ 6 > 

(7) 


(a) In band systems degraded to the violet o' > a", and usually 6' > 6", 
so that by (6) and (7) sequences of the (0, «") type can always form tads. But 
for ( n 0) sequences, equation (3) where C — — requires that 


n' < 


2b' 


( 8 > 


(6) In band systems degraded to the red side o' < a", and usually b' < b", 
and therefore by (3) and (4) (n', 0) type sequences will always have tails. The 
criterion for tail formation by a (0, n") sequence is that 


«" < 


2 b" 


(9) 


As a general rule o' ~ o" is sufficiently large and the intensity fall down a 
sequence sufficiently rapid to prevent a tail appearing even though the above 
theoretical conditions (8) or (9) are satisfied. The alkaline earth fluorides are 
notably exceptional in this respect, and the above conditions determine the 
presence or absence of tails satisfactorily.* 


CaF Systems. 

A 4 ' A„': o' rm 563-39, a" = 583-83, b' = 1 -716, 6" =-. 1-634. Owing to the 
very unusual oircumstance that while o' < a", b' < b", it is clear from (3> 
that neither the (1, 0) sequence A a ' nor the (0, 0) sequence A 4 ' can form tails. 
And from equations (6) and (7) it follows that it would similarly be impossible 
for any (0, n") sequence to form a tail even if such sequences existed. 

B 2 {and similarly for B 2 "): o' = 590-285, o" = 584-343,6' — 3-1057, 
b" ~ 2-8674. The (0, 0) sequence B a (also B a "), and the (0, 1) sequence 

Cj (also (V) will have tails. By (8) n' < , therefore the (1, 0) sequence 

* In the examples taken below of CaF and SrF bands the above conditions have been 
applied and the presence of appreciable cubic terms in the formate neglected. 
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B t can have no tail. Although the appearance of B t is at first sight contrary 
to this conclusion, it will be seen later that our interpretation of the structure 
of B x is in complete agreement with the absence of a tail. Experiment shows 
there are strong tails to,B 2 and B 2 ", which should be at about the 13th member, 
but the tails to C x and Cx' which should be at about the 26th member 
will, as Table IV clearly shows, be too weak to see. 

SrF Systems . 

A 4 ' A 3 ': a f = 487*046, a" = 495*003, b' » 1*8683, b" = 1*8243. The 
same remarks as were applied to the analogous system of CaF apply here. 

Cj (andsimilarly C 2 ): a' * 503*678, a" = 495*811, V « 2*256, 6" = 2*211. 
The (0, 0) sequence C t (also C 2 ), and the (0, 1) sequence C 3 (also C 4 ) can form 
tails, but the (2, 0) and higher sequences, if they existed, could not do so. 
Experiment shows pronounced tails to the B x and B 8 bands, but those of the 
C x (and C 2 ), and the C 3 (and C 4 ) sequences are invisible owing to the intensity 
fall. Equations (3) and (6) show that while the B x tail is at about (38, 37), 
the C x tail is near (87, 87), and the C 3 tail near (136, 137). 

It will, of course, be clear from equations (4) and (7) that Datta’s sup¬ 
position that (v t — v H ) is nearly constant for the various sequences of the same 
compound is not true. The sequences B 2 and B 2 " of CaF, and B x and B a of 
SrF on which Datta based his statement, are in both cases, as we shall see 
later, corresponding sequences associated with the two levels of an electronic 
doublet. For such, of course, wc expect identity. 

The Calcium Fluoride Band Systems, 

Although measurements of these bands have been made by Fabry, Rosch, 
Danjon, and Datta, it was found necessary to re-measure all the bands in order 
to determine some of the relations with certainty. These data were obtained 
by measurement of two independent sots of plates taken in the first order of 
a 21-foot grating. They are presented together with the assignment of 
quantum numbers in Tables II, III and IV. The known calcium fluoride 
systems fall into three groups : the group in the ultra-violet, the AaA 4 
group in the green, and the BC group in the orange. 

The A x A a group has not been observed on the plates taken, presumably owing 
to its intrinsic faintness. Probably for the same reason it was not observed 
in absorption by Walters and Barratt. The wave-length data of Table II 
are therefore taken from Datta’s paper. It is possible that this system may 
arise from the electron transition 3 B S -*■ 1 *S, although with this assumption, 
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Table II.—-(Datta’s Measurements.) 
3 a S -*•! a S (?) 



A/ (Q heads). 

Aj (E heads). 


A/ (Q heads). 

Aj (B heads). 

n t n". 




I | 

n , ft . 






A. 

*Vm*. 

! A. 

I 

j | 


A. 

I'VJtf*. 

A. 

Vvm*. 

0,0 





1,0 



_ 


1 

_ 

_ 


- 

2, 1 

3373*22 

29636-74 

3371*15 29665*02 

2, 2 

_ 




3, 2 

84-04 

536*77 

82*62 

555*41 

3,3 

__ 

—, 

3449 *24,28983 *60 

4,3 

95*93 

438*01 

93-71 

457*85 

4,4 

3462*02 

28876*70 

59*95, 893*88 

5, 4 

3407*02 

342*72 

3404*76 

303*28 

5, 6 j 

72*78 

787*25 

70*59 

805*33[ 

6, G 

18*00 

248*67 

15*60 

208*52 

6, 6 

83*41 

i 699*35 

81*19 

718-47 

7,6 

28*73 

150*98 

20*42 

170*04 

7,7 

*93-90 

012*71 

91*60 

031*961 






8,8 

3504*23 

528*79 

3501*80 

548-59; 






9,9 

14*46 

445*78 

11*84 

407*00 






10, 10 

24*54 

304*45 


“ J 







* ms Valuo smoothed before applying Method of Least Squares. 


the three levels IS. 2S, 3S, do not form a Rydberg series. Comparison of the 
molecular levels (see fig. 1) with those of the similar atom Ca' 1 does not, however, 
suggest any level other than 3 2 S for the upper one. We may, therefore, deny 
that the above analogy of molecular and atomic levels has any completeness,— 
in which case the character of the upper level is unknown, or, we may not 
expect to find the levels of such complex molecules as these fitting a Rydberg 
formula. In the following text we shall, for convenience, describe the level as 
3 ®S, but quite tentatively. The magnitude of the electronic jump involved— 
about 29260 v, which is considerably greater than any others in this molecule- 
is strongly in support of its being a transition to the ground level. The A 8 ' 
and A/ sequences are all Q branches, the A, and A] sequences, respectively, 
are the associated R heads. We shall consider shortly the (A 4 A a ) system 
which is of similar structure, and is very probably due to the electron 2 *S -*■ 1 *S. 
Here also A 4 and A 4 ' are respectively R and Q branches of the (0, 0) sequence, 
while A 3 and A 3 ' are R and Q branches of the (1, 0) sequence. 

The presence of strong Q branches in a a S -r a S transition is exceptional and 
calls for comment. Mullikenf has recently shown that for this type of tran¬ 
sition—if we assume Hund’s case b type of electron spin—weak Q branches 
are to be expected. In addition he has remarked (vide p. 149) that for the 
B bands of CaH, the a S state is of an unusual type (possibly one in which c* i), 
and he suggests that this molecular 2 S state may be derived from one of the low- 

t ‘ Phya. Roy.,’ voL 30, p. 138 (1027). 
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lying P or D states of the calcium atom. Some such postulate would seem to 
be necessary for all the alkaline earth fluorides, for which the *S -* a S transitions 
present unusual features. 

In expressing the band systems by formulae of type (1), or, more generally 
with cubic terms, the Q heads have been used, and, owing to the unusual 
circumstance of two long sequences constituting the system, it was thought to 
be most accurate to proceed as follows. The (0, 0) and (1, 0) sequences are 
given by 


v =r v, + (<*' " «") ft" - (V - b”) n "* + (e/ — c") n" 3 

v v € + a' _ b' + c' + (a' - a" - 2 V - 3c') n " 

- (i V - b" - 3c') n" 8 + (c' - c") w" 3 


( 0 , 0 )| 


( 10 ) 


(1,0) J 


The sequences were therefore fitted independently to cubic formulae using 
the Method of Least Squares developed by Birge and Shea.* The values of 
the constants a, b’, c', a", b" and c" can then be deduced at once from (10). 
By this method the data of Table I gave for these sequences. 

(A 2 ') v = 29252-375 - 97-5766 n" + 0-93940 n " 2 - 0-006111 »" 2 
(A/) v = 29738 • 479 - 102 • 5882 n" + 0 • 82464 «" 2 + 0 •020000 »" s 


with probable errors in v of 0-024 and 0-045 respectively. Hence we obtain 


v, = 29252 -375 


a' — 488 • 705 b' = 2-5632 
a" sas 586-282 b" = 3-5026 



-0-03825 

—0-03214 (A,') 
— 0-05825 (A^) 


.( 11 ) 


The data for the band system in the green region of the spectrum are given 
in Table III. (It may be mentioned that micrometer settings in the measure¬ 
ment of all the spectrograms were made on the extreme edge of the bands.) 
This system, as already mentioned, is attributed to the 2 2 S -*• 1 2 S transition, 
and is of similar structure to the one already considered. Its data have been 
dealt with by the above method and we find for the sequences (Q heads only): 

(A/) v = 18888-136 - 20-4411 n" - 0-08214 «"• - 0-001047 »"» 
(A,') v = 19449-786 - 23-8058 n" - 0-14949 n" 2 - 0-000035 »"» 


with probable errors in v of 0-028 and 0-034 respectively. 

* * Univ. California PubL Maths.,’ vol. 2, p. 67 (1227). 

t From equation (10) we note that the coefficients of n" 5 should be the same for A,' 
and Aj\ also for A 4 ' and A s '. In practicse they are unequal, chiefly due to negleot of higher 
power terms and experimental errors. Alternative values of c" therefore arise. 
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05-07 
19380-55 
55-63 
30-30 
04-77 
19278-96 
52 79 
26-37 
19199-63 
72-67 
45-30 
17-79 
19090-08 
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Hence we obtain by applying equation (10) 

o' = 563-388 6' = 1-7160 c' 


-0-02246 


18888-136 


a" = 683-829 b" = 1 -6339 V 


r-o. 

I—0- 


0-02140 (A/) 
02241 (A„')J 


>■ (13) 


As already mentioned, an unusual feature is apparent, viz., that while 
a' < a", b ' > b'\ As a result of this, the successive heads of both sequences 
diverge with increasing quantum number, since (<a/ - co n ") becomes greater. 

As a result I n ' and I n " differ increasingly, and therefore—(— — j increases, 

and so the Q~R interval diminishes with increasing n . This is confirmed by 
Table III. It will be noted that the (1, 0) band of the system was too faint 
to be recorded on the plates taken, and this band has in fact never been 
recorded hitherto. Nevertheless, there is no reason to doubt the correctness of 
the assignment made, on the basis of which the system shares its final state in 
common with two others. Attention must be drawn to the discrepancies 
between the final vibrational constants of (11) and (12). The incomplete and 
possibly less accurate data of Datta in Table II may account to some extent for 
the difference in a", but the wide difference in the values of b " is difficult to 
explain. When it is recalled that the faint system designated 3 8 S (?) -* 1 2 S 
has not been recorded on our plates, or on those of any other worker except 
Datta, it seems not impossible that it may have an origin in some molecule 
other than CaF. 

With reference to the (0, 0) sequence of the (A 4 A 3 ) system, Walters and 
Barratt have drawn attention to the notably different appearance in emission 
and absorption. This difference is essentially twofold : (1) a redistribution of 
intensity in the sequence, and (2) the absence of sharply defined heads in 
absorption, resulting in an apparently different structure. These workers 
have suggested that pressure may bo a factor of importance, since in the presence 
of foreign gases the structure observed at low pressure in absorption is replaced 
by continuous spectrum. They also, of course, recognise the different tempera¬ 
ture conditions in which the absorption and emission spectra are produced. 
The present investigation has thrown no additional light upon this problem 
but I incline to the opinion that the temperature factor is adequate to explain 
both the above features. A very similar case is found in the violet CN bands— 
which also are a 2 a S 1 *S transition. Reference to Plates 13 and 14 in a 


* See note f on p. 169. 



172 


R. C. Johnson. 


paper by Jevons* shows (a) the effect of low temperature conditions in dis¬ 
placing energy into the higher members of a band sequence (spectrum 3), and 
(fc) the apparent non-coincidence of structure which may result from a tempera¬ 
ture re-distribution of energy among the rotational stateB. Precisely these 
factors are apparent in the CaF sequence in question, although the tempera¬ 
ture conditions here are not in so great a contrast as those under which the 
CN bands exhibited the modifications to which we have referred. The effect 
of temperature on the vibrational structure must, however, be indirect, and it 
is in the mechanism of this that the real mystery lies. If, for example, the 
distribution of vibrational energy was governed directly by temperature 
considerations then it could be calculated from the principle of equipartition 
of energy. Thus, for the molecule in question, it is easy to Bhow that a tempera¬ 
ture of over 7000° C. is necessary to make the vibrational state n = 5 the most 
probable, while at 1100° C. the state n = 0 is still somewhat more probable 
than w = 1. This latter temperature is about that at which Walters and 
Barratt used their absorption furnace. Their absorption spectrogram of this 
CaF sequence shows a maximum at about n = 4 (the 5th head). Apart from 
the mechanism of this temperature effect on vibration, it remains to be 
explained why it makes itself so apparent in this particular band system, and 
not in the other system of CaF (2 2 P -► 1 2 S) shortly to be described. It seems 
to the writer that a clue may possibly be found in the a S -**S character of the 
electron transition, which is the same as that of the CN bands previously 
mentioned. 

The third important group of CaF bands is found in the yellow and orange 
region. These are all degraded to the violet side and comprise the band 
sequences designated by the letters B and C by Datta. The present writer’s 
measurements together with a quantum analysis of these bands are given in 
Table IV. A few of the P heads associated with the C/ sequence, and previously 
unrecorded, have been measured on the plates taken. The assignment of 
vibrational quantum numbers to these P heads is uncertain. The (n\ ft") 
values of the table may possibly require diminishing by one unit or more. 
The same ambiguity occurs later, in connection with the analogous SrF bands. 
The comparative weakness of P heads as compared with Q heads is notable 
throughout the whole system. (The B g ' sequence has a spurious enhanced 
intensity by reason of the background of structure arising from the B," 
sequence.) 


♦ * Roy. Soc. Proo.,* A, voL 112, p. 407 (1026). 
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Table IV—(continued). 
2*P 1 ->1 2 S. 


n\ 

! Int, 

(Q heads). 

A. 


4, 3 

5 

5830-786 

17146-60 

5, 4 

6 

31*11 

44-65 

6, 5 

6 

31-494 

43*52 

7,6 

6 

32 01 

42*00 

8. 7 

6 

32-637 

40*16 

9,8 

6 

33-384 

37-07 

10, 9 

5 

34-226 

35*50 

11, 10 

5 

35*21 

i 32*60 

12, 11 

5 

36*305 

29-39 

13, 12 

5 

37-52 

| 25*83 

14, 13 

5 

38*90 

21*78 

15, 14 

5 

40*386 

17*42 

16, 15 

5 

42*02 

12*64 

17, 16 

5 

43*80 

07-42 

18, 17 

5 

45-783 

01*02 

19, 18 

3 ? 

47*87 

17096*02 


The B x sequence (of Q heads) calls for special comment. At first sight it 
appears to be similar to the (0, 0) sequences, and run to a pronounced tail at 
about X 5830. It has been regarded as such by Datta and others. On this 
basis, however, it has not been found possible to include it in the general 
scheme. I believe it rather to be a sequence beginning at X5830 (v. 17146), 
and proceeding outwards to the less reirangihle side. On this view Bj becomes 
the (1, 0) sequence associated with B 2 and C v i.e., arising from the upper 2 P 1 
level. There are two considerations which at first sight appear to be unfavour¬ 
able to this view. (1) The analogue of B, arising from the 2 P 2 level is very 
much less intense (for some unknown reason), there being only a slight fogging 
of the plate where it should be located. (2) The intensity of the sequence 
appears to fall suddenly after the band (18, 17); the band (19, 18) is weak, 
and the band (20, 19) is quite invisible. It will be shown, however, in the 
section on the Heat of Dissociation of the Molecule, that this peculiar feature 
gives strong support to the interpretation. 

The sequences C x , B 2> and are given by :— 

(CJ v = 15966*771 + 12* 1691 w'' - 0-28S45»"* -f 0*004444n"», 

(B f ) v *= 16560*167 + 5*9426w" - 0*23829n" a + 0*011296n"» 

(B x ) v = 17146*716 + 0*0094n" — 0*12087n"« - O*OO2092n"». 
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Now the (0, 0) and (0, 1) sequences of a band system are :— 

(0, 1) v = v„ — o' — 6' — c' + (o' — o" 4- 2 b' + 3c') n" 

- (6' - b" + 3c') n" a + (c' - c") n " 8 

(0, 0) v = v» + (o' - a") »" - (6' - b") «"* 4- (c' - c") «."» 


(13) 


so that from C t and B 2 we obtain 

a' = 590-2853 6' = 3-105G7 c' = 4- 0-005053 
v. = 16060.167 _ r +0.00*09(0,) 

L—0 • 006243 (B 2 ) 

If we use B 4 and B, we obtain from equation (10):— 

a! = 589-4177 b' = 2-90787 c' = 4-Q-03914 

v, = 16560-167 

a" — 583 -4751 b" = 2-66958 c" = 


>■-(14) 


/4-0-0278*(B 2 ) 
\ 4-0-04123(B,) 


M 14 '> 


The discrepancy between the constants of (14) and (14') possibly arises 
from the fact that the equation for B x includes members up to (19, 18), the 
disposition of which may require higher power terms, while the expressions 
for B 2 and C t were obtained from data on 6 or 7 heads only. 

Treating similarly the (0, 0) and (0, 1) sequences associated with the other 
level of the doublet 2 a P 2 we find that they are expressed by 


(B") v = 16485-130 4- 5-8003n" - 0-19158w"* 4- 0-001330»" 8 , 
(Ci') v = 15893-200 -f 12-0542a" - 0-37718n" 8 4- 0-012605n" s . 


By equation (13) we then obtain 


v. 


a' = 588-534 6' = 3-3341 c' = 4-0-061866 


16485-130 

a" = 582-734 b" = 3-1426 


f 4-0-060536 (B 2 ") 
14-0-049261 (C,') 


.(15) 


Comparing with the constants of (14) it is clear that there is a small but quite 
definite difference in the vibrational constants of the molecule for the two levels 
2 a Pi and 2 *P 2 . The vibrational structure of the 2 8 P 2 level is characterised 
by a considerably larger term in n 3 . Incidentally, the 8 P level is an inverted 
doublet, level, and the appropriate designation has been made in Tables IV 
and V. 

Comparing (14), (14'), and (15) with (12) it will be seen that there is fair 
agreement in the case of a”, but a very marked discrepancy in b". (The values 
of e" are unreliable for purposes of comparison, for the reason explained in a 
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footnote.) I am not at present able to offer any suggestion as to the cause of 
the discrepancy in b ", but I am convinced of its reality, and that it must arise 
from some fundamental feature in the structure of the alkaline earth fluoride 
molecules. Under other circumstances a discrepancy of this order would 
cast some considerable doubt on the identification of the final levels of these 
two systems with each other. There is, however, little room to doubt that the 
systems are related as indicated. There is close agreement between the values 
of a". In addition, they are both resonance systems of CaF, as is shown by 
the work of Walters and Barratt in absorption. 

Table V collects our knowledge of the various levels of the CaF molecule. 
For the constants of the ground level 1 2 S, the mean of the values from equa¬ 
tions (12), (14) and (15) has been placed in Table V, but for specific purposes 
the precise values of these equations must be used. 


Table V. 


Level. 

Energy. 

a 

<«4o)- 

b 

c. 

V. 

Volte. 

1*8 

2*P,\ 

2*P,/ 

2*8 

3 *8 (?) 

1 

0 

10485*13 
16560-17 
18888*14 
29262*37 

o ! 

2*035 

2*044 

2*332 

3-611 

383-63 
/ 588-534 
\ 690-286 
663-388 
488-706 

2*548 

3*3341 

3*1067 

1*7160 

2*6632 

T 

+0-061866 

+0*006053 

-0*02245 

—0*03826 

3 2 S * 
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Fra. 1.—Energy Levels of the CiF Molecule. 
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Fig. 1 represents the complete scheme of transitions in the CnF molecule. 
The dotted levels are vibrational levels. To avoid confusion, only the tran¬ 
sition corresponding to the leading member of each sequence has been inserted. 

Heat of Dissociation of the CaF Molecule, 

Applying the methods of Birge and Sponer,* the energy of dissociation of 
the CaF molecule has been evaluated from the vibrational structure of the 
various electronic levels. As a rule, the critical value of n which makes 
u) n = 0 is imaginary if the coefficient c is positive, but in other cases satis* 
factory results have been obtained. For the 1 8 S level we find from the data 
of (12) that P" = 25588 . v and from (14) that D" = 25241. v. Approximately 
we may take D" as 25400 . v. From the 2 2 S level we obtain D' 42218 . v 
and from the 3 a S (?) level D' = 42589 . v. If wo take the drastic step of 
neglecting the cubic term in the case of 2 2 P 2 and 2 2 P t we get values 
which are remarkably close to these, viz., D" — 27014 and D' =* 42457 and 
44608 . v. The best value of D' is probably about 42400 . v. The difference 
D' — D" % 17000 (or leas), must correspond to residual electronic energy in 
either the calcium or fluorine atom resulting from dissociation. It is probably 
associated with the calcium atom, for it is from this atom the valence 
electron of the molecule arises. The resonance transition in the Ca atom 
is 1 X S — 2 3 P (15210 v). If we assume the calcium atom produced by 
dissociation to be in a 2 8 P state, we can derive D" from the more reliable 
value of D' (~ 42400 . v). This gives 

D" tss 27200 . v « 3*36 volts ~ 77460 cals. (16) 

One other possibility may be mentioned. Following Mulliken’s suggestion 
mentioned on p. 168, if the normal 1 2 S state of the valence electron in the CaF 
molecule can be identified energetically with the 2 a P state in the calcium atom , 
then it is probable that the calcium atom liberated by dissociation of the 
excited molecule will be in a 1 8 S state (where 2 3 P ~ I » 16300 , v). If 
this is the case then taking D' as 42400. v we should have I>" *= 26100 . 
V » 3-22 volts as 74330 cals. 

The value found for the energy of dissociation of the CaF molecule has an 
important bearing on the sudden fall of intensity and termination of the B, 
sequence with the member (19, 18). It will be seen from Table IV that (18, 
17) band is strong, the (19, 18) band considerably weaker, and all higher 
members are absent. If by means of equation (14') we evaluate the initial 

* hoc, at. 
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energy of the molecule when these bands would be radiated, we find for 
ri * 18, v = 26456 ; for ri = 19, v « 26978 ; and for ri = 20, v = 27498. 

Since the value of the energy of dissocia¬ 
tion is about 27200 , v, it is reasonable to 
suppose that beyond ri = 19 vibrational 
instability will set in, resulting in a 
sudden termination of the sequence. 
Fig. 2 will make this feature clearer. An 
analogous case is found in the first # 
positive band spectrum of nitrogen. 
The peculiar selection of the bands of this 
spectrum, which constitutes the nitrogen 
afterglow, is explained on the assumption 
that in the electronic state 2 a P, 11 
vibration quanta load the N 2 molecule 
with energy equal to the dissociation 
value. 

The Band Spectra of SrF. 

Like the band systems of CaF, these 
also fall into three groups, (1) an AjA 2 
group in the near ultra-violet, first recorded by Datta, (2) an A 8 A 4 group in 
the yellow-green region. (8) a BC group of a more complex character extending 
from the orange to the extreme red. Like their counterparts in CaF we find 
that the first two groups are degraded to the red side and the third group to 
the violet side. They also appear to arise from the same electronic transitions 
3 *S 1 *S, 2 2 S 1 *S, and 2 2 P 1 a S respectively. All the systems exhibit 
minor doublet intervals due to the presence of Q branches; the Q heads, it 
will be noted, are always stronger than the associated P or R heads. The 
presence of strong Q branches in 8 S -* a S transitions is notable, and the remarks 
made in connection with the analogous CaF bands apply here. It was found 
desirable to re-measure the SrF bands, and this was done from good plates 
taken in the first order of a 21-foot Rowland grating. (Micrometer settings 
were uniformly made on the extreme edges of bands.) The spectrograms 
taken of the C 8 , C s ', C 4 , C 4 ' sequences were rather fragmentary, and for 
purposes of Table VIII and the subsequent analysis Leopold's more complete 
data have been recorded (after subtraction of some 4*70 . v to bring them into 
agreement with such of the bauds as were measured on my plates). The 
measurements of the ultra-violet sequenoes A*, A/, A 2 , A a ' recorded by Datta 


V, to 3 
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have also been adopted in Table VI as here also, owing to their faintness, only 
a fragmentary record was obtained on the plates taken. 


Table VI.—(Datta’s Measurements.) 
3 2 S (?) -*• 1 2 S. 


! 

n". 

A/ (Q heads). 

A 2 (R heads). 

i 

n , n . 

A x ' (Q heads). 

A, (R heads). 

A- 

i 

•W 

A. 

*V!W 

A. 

»VftC* j 

A, 

1 

•Vac. 

0,0 

— 

1 — 

1 — , ! 

, _ 

1-0 



3640-2927417-16 

b 1 

— 

i 

3712-36 

26929-35 

2, 1 

3660-06^ 

_ 

52*17 

| 373*03 

2, 2 

•— 

1 — 

18*02| 

888*45 

3,2 


27309*72 

58-01] 

! 329-27 

3, 3 

*— 

; —»• 

23*00 

848*09 

4,3 

00*04 

205*20 

63 • 82 

i 285*95 

4, 4 

— 

! — 

29*10 

! 808*14 

5,4 

72*63 

220*73 

69-09 

! 243-06 

5, 5 

3738-05 

■20740*04 

34*66 

| 768*60 

6,5 

78*59 

176*65 

75*271 

200*96 

0, 0 

4431 

099*03 

40 02 

i 730*32 

7-6 

84*54 

132-70 

80*97 

158*85 

7, 7 

49-88 

059*99 

45*56 

| 690-66 

8,7 

90*42 

089*48 

80*50 

117*62 

8, 8 

*55-58 

619*46 

50-98 

652-17 

9, 8 

90*20 

040*69 

92*13 

076*79 

ft 

00*81 

582*52 

— 

— 

10,9 

t3702*15 

003*07 

97*70 

035*95 

10, 10 

05*99 

545*90 

61-96 

576*45 

11, 10 

_ 


1 3703-12 20990*38 

11, 11 

71 *091 

510*08 

66-93 

539*28 






12,12 

, 70*14 

474*57 

72 0 

503*62 






13, 13 

81*07 

440*00 

77-29 

406*51 






14, 14 

85*79 

400*34 

82-44 

430*48 






15, 15 

90*71 

372*84 

87-75 

393*37 






10, 16 

t»5-55 

339*22 

92-93 

357*41 

_ 






* Value smoothed before computation, 
t Value omitted in oomputation. 


The ultra-violet system presents considerable difficulty in the matter of 
an accurate assignment of vibrational quantum numbers. This arises from 
the weakness of the system, and the resulting absence of several of the leading 
members. In making the assignment of Table VI the following considerations 
have been weighed. We are probably dealing with a (1,0) and a (0,0) sequence 
as is certainly the case in the similar system A 4 'A 3 '. A final state in common 
with the latter system is indicated, but, as in the similar case of CaF, there is a 
remarkable discrepancy in the coefficients of n" 2 in the two cases. An assign¬ 
ment of n" has therefore been made in suoh a way as to bring <o 0 (= a), the 
coefficient of n" into approximate agreement. The n' and n" values of the 
Ag and Aj sequences could each be reduced by unity without greatly affecting 
o' and o", but this would result in an increase of the Q-R interval from 20- 
30 v to 60—70 v, and this is not the simplest or most reasonable assumption. 
On the basis of the assignment made, the leading R head of the A # (0, 0) 
sequence has not been recorded by Datta. *Walters and Barratt record the 

** The authors have kindly informed me that where the presenoe of an absorption band 
wai doubtful, it has been invariably omitted from their tables. 

x 2 
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(1,0) band at v. 27417 faintly in absorption; the predicted (0, 0) band at 
v . 26961 was doubtless too faint for observation. Accepting the assignment 
of Table VI we have found expressions for A s ' and A/ by the method of Least 
Squares, viz.:— 


(A,') v = 26960-821 - 47-0996»" + 0-63157n" 2 - 0- 006944 m '' 8 
(A/) v = 27398-686 - 44 • 3219n" - 0• 11952 m " 2 + 0 -020000m" 3 

which give by equation (10):— 


a' = 437-095 b' = 
a" = 484-195 b" = 


1-0133 

0-3817 


c' = -0-25036 
„ _ _ f 0-24342 (A 2 ') 
? " i 0-27036 (A,') 


While these express the two sequences very well it will be observed (1) that a " 
is decidedly different from that given by equations (18), (19) and (20) ; (2) 
that the coefficients of the terms in n 2 and n" 2 are positive, which is impossible 
for a stable anharmonic oscillator ; and (3) that the coefficients of the cubic 
terms are unusually large. 

These features all arise from the sparseness of the data given by Datta, 
especially near the origin of the system, and from the fact that the recorded 
positions of some of the heads are of doubtful accuracy. Using, therefore, a 
quadratic formula to express the sequences, we find 


(A 2 ') v » 26955-113 - 45* 140ft" + 0*42325ft" 2 
(V) v = 27400 • 485 - 45 • 682n" +0*18048ft" 2 , 

and from these we obtain :— 


26955-11 


a 


a'« 445-643 h' = +0*271 

490-783 &"++' 

1 + 0 - 


+ 0-694 (A 2 ') 
451 (A/) 


(17) 


This value of a" is in better agreement with that of equations (18), (19) and 
(20), and the values of h' and b” are positive (so that the coefficients of ft'* 
and ft" 2 are negative). There is still, however, a large discrepancy between 
the values of 6" of equations (17), and say, (18). This feature, which also occurs 
in the analogous system of CaF, must be left for the present unexplained. Any 
attempt to increase the values of (n\ n") to effect better agreement of a" 
in (17) with a" of (18) and (19) will conflict with the absorption data of Walters 
and Barr at t, and also lead quickly to negative values of V and 6". 

In Table VII is given the experimental data of the 2 *S 1 a S system in the 
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yellow-green region of the spectrum. The (1, 0) sequence has a peculiar 
appearance, the leading members being apparently single, while doublets of 
increasing separation appear as we pass to the higher members. It is seen to 
arise from the fact that the R head of each band falls approximately on the Q 
head of the preceding band, and this superposition is very precise at the 
beginning of the sequence. 

Applying the preceding methods to the system we find:— 

(A/) v = 17297-875- 7■ 9567»" -0-04396n" 2 -0•000057a" 3 
(A,') v = 17783-046 - 11-6731?*" -O-O0411w" a + O-OOlO13w"» 

and hence by equation (10):— 

a' = 487-046 b’ 

v e = 17297-87 

a" = 495-003 b" 

The one notable feature is that (as in CaF), a' < a" but b' > b", a circum¬ 
stance which causes a divergence, of successive members in the case of both 
sequences. The (0, 0) band of the system, as would be expected, is found 
strongly in absorption. 

We turn finally to the most complex of the three systems, viz., that in the 
orange-red region, which arises from the electronic transition 2 a P 1 2 S. 
The data are in Table VIII. The system is on the whole better developed 
than its analogue in CaF, This is particularly notable in the case of the 
(1, 0) sequences Bj and B. t , which attain considerable strength. (The B, 
heads are presumably P heads associated with the Q beads of the Bj sequence, 
but the assignment of vibrational quantum numbers to it is a little uncertain.) 
It will be recalled that in CaF the analogue of B a was unrecorded. While 
the («', n") assignment of C 3 and C 4 (the Q heads) is reasonably certain, that 
of C 3 ' and C*' is possibly in error owing to the absence of leading members 
from the experimental data. There is also no definite guidanoe available as 
to the magnitude of the expected P-Q separation. While for the (0,0) sequences 
associated with the two 2 P levels these are approximately 36 and 52 v, it iB 
impossible to say whether their magnitude or even their ratio should be found 
also in the (0,1) sequence. Assuming the same ratio to be roughly preserved, 
the appropriate assignment of C 3 ' and C 4 ' has been made in Table VIII. 
Possibly, however, the (n', n") values of all these P heads should be increased 
by unity, thus moving them down the table one place. This same ambiguity 


= 1-8683 c! 


0-00672 


, 89 ,« f- 0-00666 (A 4 ') y m 

4 \ - 0 -00773 (A„') J 
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was found in Table IV. Using the previous methods, we find the various 
sequences are given by:— 

(B,) v = 15853-365 + 3 •3482 m"-0-03726m"* - 0-000348n"* 

(C,) v = 15351 -940 + 7 -8674m" - 0-04485m"* - 0-001227n"», 
and from these wo obtain :— 


v. 


a' = 503 -678 

15351*94 

a" = 495-811 


b' = 2-2558 c' = +0-00253 


6 " = 2-2110 



+ 0-00376 (Cj) r 

+ 0-00288 (B x ) J 


■ ( 19 ) 


Using the sequences B 8 and C 2 associated with the lower level of the *P state, 
we have:— 


(B 3 ) v = 15574-442 + 3-1161«" - 0-03336 m"* - 0-000224, 
(0 a ) v = 15072-744 + 7-5346 m" - 0-04533n"* - 0-000320, 
and from these :— 


v e 


15072-74 


a’ = 503-897 b' = 2-2032 
a" = 496 -363 b" = 2-1579 



+0-00399 

+ 0-00431 (C 4 ) 
+ 0-00453 (Bj) 


■ ( 20 ) 


Substituting the data of equation (19) in (13) we can predict the C s (1, 0) 
sequence, and similarly using the data of (20) we can predict C 4 . These 
predicted formula) arc given below, together with the Least Squares’ formulco 
derived from the experimental date. 


f (Pred.) v = 14846-004 + 12-3866m" -0-05244m" 2 — 001227 \ n "» 

(C 8 ) J 10-000348/ 

[(Obs.) v = 14843-918 + 12• 1530n" - 0-04794m"* + 0-000034m" 8 


(C 4 ) < 


(Pred.) 

(Obs.) 


v = 14566-640 + 11 -9531 m" - 0-05730m"* - f 0 ' 000320 }m" 3 

(0-000224J 

v = 14564-076 + 12 • 0305n" -0-06057 m"* ~ 0-000339m" 3 


In Table IX are summarised data relating to the various levels of the SrF 
molecule. In the case of the normal level 1 *S, the mean value of the constants 
from (19) and (20) has been given, but for specific purposes the precise values 
of (17) to (20) must be used. The difference in the values of o" and b" (especi¬ 
ally of the latter) as given in (18) and either (19) or (20) is remarkable. The 
same genuine discrepancy was found for the analogous CaF systems, and, as 
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Table IX. 


Level, 

Kne: 

1 V * 

rg.v. 

j Volts, 

V 

(««), 

b 

c. 

1*S 

0 

0 

498*087 

2*184 

+0-0038 

2‘P, \ 

15072*74 

1*881 

503*897 

2*2032 

+0-00300 

2‘P, f 

15351*04 

1*895 

503*678 

2*2558 

+0-00253 


17297*87 

2*135 

487*046 

1*8683 

-0-00672 

3 *8 (?) 

26955*11 

3*327 

445*643 

0*271 



mentioned there, it probably corresponds to some fundamental peculiarity 
in the S states of all the alkaline earth fluorides. Fig. 3 gives a survey of the 



Fig, 3.—Energy Levels of the SrF Molecule. 


energy levels of the SrF molecule. As in fig. 1, the broken lines are vibrational 
levels. The transitions corresponding to the leading member of each sequence 
have been marked. 

The various systems do not supply very consistent values of the energy 
of dissociation of the molecule. It is believed, however, to be somewhere 
in ' the neighbourhood of 27000 v. It is at least of the same order as that 
required for dissociation of the CaF molecule. 


Summary. 

(1) A complete quantum aualysis of the whole of the band spectra of the 
molecules CaF and SrF has been made. Formulse which express them have 
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been obtained by the Method of Least Squares. For this purpose a re-measure¬ 
ment of some 250 band heads has been made from first order plates taken on 
a 21-foot Rowland grating. 

(2) The molecules each give rise to at least three band systems which are 
analogous in almost every respect. These are assigned to the electron tran¬ 
sitions 3 2 S 1 2 S, 2 2 S -* 1 2 S, and 2 a P 1 *8. 

(3) While as regards types of transition, etc., these molecules have features 
common to all those of the one-valence electron type, there exist several 
exceptional features. Among these may be mentioned (a) the occurrence of 
strong Q branches in 2 S 2 S transitions, and (h) a definite discrepancy in 
( n ") as evaluated from the a S-* 2 S and 2 P-* 2 S systems. These points to 
some unusual feature in the a S states of all these molecules. 

(4-) The appearance of these band systems is of an unusual character, 
characterised by very long sequences in which the members are close together. 
Only the sequences An = 0, and ± 1 occur. These features are explained 
in terms of the smallness of the change in the vibrational constants with change 
of electronic state. 

(5) There is u characteristic *' tail ” formation associated with many of 
the band sequences, and this has been shown to accord with theoretical 
expectations. 

(6) The energy of dissociation of the CaF molecule is approximately 27200 . v 
(^3-36 volts), and that of SrF is of the same order. In the case of the former 
molecule the sudden termination of a sequence (Bj) at the 20th member has 
been satisfactorily explained on the basis of this value for the energy of 
dissociation. 
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The Band Spectra of the Alkaline Earth Halides . II.— BaF, MgF. 

By R. C, Johnson, M.A., D.Sc M Lecturer in Physics in the University of 

London, King’s College. 

(Communicated by T. R. Merton, F.R.8.—Received September 7, 1928.) 

Introduction. 

In a previous paper* an analysis of the gross structure of the band spectra 
of the CaF and SrF molecules has been made. Wo shall here deal with the 
spectra of two molecules of precisely the same external character, but one of 
which is simpler and the other more complex in its internal structure. MgF 
has one shell of eight electrons less than CaF, the other molecule BaF has a 
shell of 18 electrons more than SrF. 

The barium fluoride bands can be produced in the flame or arc, and, using 
the latter source, Georgej- measured these from spectrograms taken on a 
21-foot grating. For purposes of analysis and the resolution of several doubtful 
points it was found necessary to obtain new measurements, and Tables I 
and II present the data obtained from several first order plates of very good 
definition taken on a 21-foot Rowland grating. 

Under similar conditions of excitation the magnesium fluoride bands can be 
produced, but they are intrinsically fainter and much longer exposures are 
necessary. The first good measurements of these bands appear to be those of 
Datta,J and for purposes of this communication his experimental data have 
been used. For convenience Datta’s designation of the various sequences by 
letters, A, B, C, I), E, etc., has been retained, and reference may be made to 
his paper for an excellent plate of reproductions of these bands. 

Mecke§, alone, has worked on these band spectra from the modern theoretical 
standpoint. He has obtained and analysed one system in the case of each 
molecule, and has traced the general changes in these spectra as we pass along 
the series of molecules BeF, MgF, CaF, SrF, BaF, The present paper amplifies 
and extends the analysis of these spectra so as to include all the known bands. 
These results have further been examined in the light of Walters and Barratt’s 
data) | on the absorption spectra of these molecules. 

* Supra , p. 161. 

t ‘ & Wiss. Photogr.,’ vol. 12, p. 254 (1913). 

t * Roy. Soc. Froc.,’ A, vol. 99, p, 436 (1921). 

§ < Z. Physik, 1 vol 42, p. 390 (1927). 

||' Roy. Soo, Proo,,’ A, vol. 118, p. 120 (1928). 
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The Band Spectra of BaF. 

The familiar bands of barium fluoride occur in the green region of the 
spectrum, and are degraded to the red side. The characteristic groups of 
bands are “ sequences ” (distinguished by Aw = constant). In their pro¬ 
longed and compact nature, and in the circumstance that only one or possibly 
two sequences go to compose a complete system, they obviously present 
features in common with groups in CaF and SrF spectra. The sequences 
fall into two systems, and they have been arranged as such in Tables I and 
II. It is believed that the first system corresponds to the transition 2 a S 1 a S. 
0/ and B 3 are respectively the (0, 0) and (0, 1) sequences of Q heads ; C, 
constitutes R heads associated with C/, and George’s faint group E* (beginning 
at X 5102*67) are believed to be the R heads associated with B 3 . The leading 
members of the B 3 (0, 1) sequence have only been observed with vanishingly 
small intensity, and for this reason there would appear to be a possibility of 
error in the assignment of (n\ w"). The agreement of the vibrational structure 
of the final electronic state with that derived from another system (which will 
be considered later) is, however, good reason for supposing the (n\ n") values 
given to B 3 to be correct. If 

v„ + (aV - 6 V 2 + cV 3 ) - (a"*" - 6"n" 2 + o'V' 3 ) 
represents a band system, the (1, 0), (0, 0), and (0, 1) sequences are given by 
(1, 0) v = v. + a' - V + c' + (a' - a” - 2b' - 3c') n" *1 


- (V - W - 3c') w" 2 + (c' - c") n" 3 

(0, 0) v - v, + (a' - a ") »" - (IV - 6") w" + (c' - c") n" 3 

(0, 1) v « v fl - a' - b' — c* 4* (a' - a" + 26' + Sc') «" 

- (6 # - 6" + 3c') w" 2 + <c' - c'>" 3 j 


( 1 ) 


The method adopted, as in a previous paper, has been to express the sequences 
by cubic formula, and determine the vibrational constants by equation (1). 
Using the method of Least Squares we have thus found : 

(C/) v » 19991'975 - 12*1805w" + 0* 15510w" 2 - 0-000762w" 3 
(B 3 ) V = 19537*620 — 8-3800w" + 0-10802w" 2 + 0-002185w" 8 
and from these we obtain : 


19991-975 


a' = 452*464 6'= 1-8767 c'** + 0*01569 

a" = 464-644 b" « 2-0318 c" = + f °‘ 01646 ^ * 

1 0-01351 (B 8 ) 


y ( 2 ) 


* Dfttta (lor,, rit., p. 447) has made several mistakes in referring to these groups. On 
line 4 he means “ the group designated as E by George.” This is a faint group of five 
recorded heads. Again, in Table VIII, p, 447, Datta’s B s is George’s group R. 
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Table II.—3 *D -► PS. 



1 

1 B, (Q heads). 

Int. 

(E heads). 

% t n . 

i Int. 

A. 

1 

v vac. 

A. 

v vac. 


i 

0,0 

i 

8 

1 

4950-767 

20193*27 


4937*27 

20248*47 

1, 1 

7 

62*568 

86*93 


38*76 

42-40 

2,2 

5 

64*281 

78*96 


40-08 

36*96 

3, 3 

5 

66-905 

72*34 


41-34 

31 -7» 

4,4 

— 

— 

(06-04) 


42*53 

26*92 

6, 5 

4 

68-934 

60*02 


43*61 

22-00 

6, 6 

4 

60-343 

64-29 


44*63 

18*33 

7, 7 

3 

01*672 

48*88 


45*56 

14*63 

8, 8 

3 

62*882 

43*98 


40*35 

11*30 

9,9 

2 

64-066 

39*21 


47*26 

07*63 

10, 10 

2 

66*121 

34*90 




11, 11 

— 

— 

(30-86) 




12, 12 

1 

67*05 

27-08 j 




13, 13 

1 

67*866 

23*77 j 




14, 14 

0 

68-66 

20*65 i 




15, 15 

0 

69-42 

17*44 





* George’s data, corrected to be uniform with the author’s measurements. 


It may be noted that, using the conditions established in Paper I, we can 
show that in this system the (0, 0) and (0, 1) sequences will both run to tails 
at about the 39th and 52nd members respectively. The plates taken show 
that both sequences exhibit condensations in about the expected positions. 

The above system is notably different from the 2 3 S 1 *S systems of CaF 
and SrF, in that the (0, 0) and (0, 1) sequences appear. In the latter the 
(0, 0) and (1,0) sequences are found. I am unable to suggest any reason why 
positive values of An are preferred in one case, and negative values in the 
other. 

Table II gives the data of B 2 and B x which are believed to be (0, 0) sequences 
of associated Q and R branches. This appears to constitute a complete and 
independent system, of which this one sequence An — 0 is the only repre¬ 
sentative. It is, therefore, not possible to evaluate the vibrational constants 
of the initial state directly, but this may be done indirectly by using equations 
(1) and (2). The B 2 sequence is given by : 

v = 20193 • 250 - 7 • 4554n" + 0 • 15977n" 3 + 0 • 000193n" s . 


Accepting the values of a”, 6", and c" from equation (2) we thus find 


= 20193-25 o'= 457-189 V 


1-8720 


f 0-01666 (0, 0) ’ 
1 0-01370 (0,1). 


(3) 
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We have assumed in doing this that both systems have a common final 
state (which is the normal one), but this is justified by Walters and Barratt’s 
absorption data. We have labelled this system 3 2 D -*■ 1 *S on the basis of 
a comparison of the electronic energy levels found in the atom Ba + with those 
of the molecule BaF. It is to be expected (as Mulliken* has pointed out) 
that considerable similarity may be found between these, since the valence 
electron of the molecule is in effect associated with the barium ion, the other 
electron having passed to the fluorine atom to complete the stable “ neon ” 
configuration. The low-lying levels of the singly ionised barium atom are 
shown to scale in fig. I. It is interesting to compare this with fig. 2 which 
exhibits the electronic. levels of the barium fluoride 


molecule. Such a transition as 2 D -*- 2 S violates 
the selection principle of atomic spectra since 
A k — 2, but it may be remarked that violations 
of the type Ah = 0 are common in molecular 
spectra. From the selection principle of inner 
Quantum numbers, viz., Aj = ± 1, 0, it follows 
that only one of the two conceivable electronic 
transitions will be allowed; that from 2 D (k — 3, 
j — 1$) to 2 S (k = 1, j — $). This is in agreement 
with the observation of one strong system only. 
The best test of the electronic character of the 
system would lie in fine structure analysis of these 
bands, but this is probably beyond the power of 
any grating at present in existence. If the 
interpretation given is correct, this system will 
furnish, as far as I am aware, the first recorded 
example of the D -*■ S molecular transition. 

In Walters and Barratt’s paper there are recorded 
in the absorption spectrum of BaF three very strong 
bands at XX 7368, 7117 and 6911. These have no 


V.io* 



Fio. 1.—Energy Levels of the 
Atom Ba + . 


counterpart in recorded emission spectra, and it remains to determine in what 
relationship they stand to the systems already analysed. With this in view 
a spectrogram of the barium fluoride aro in air was taken on a small constant 
deviation type speotrograph, and a soquenoe was observed at the limit of the red 
region. The measured wave-lengths were approximately XX 6912, 6934,6969, 
and 6983. Insensitivity of the plate and the presence of continuous spectrum 


* ‘ Phys. Rev.,’ voL 26, p. 29 (1926). 
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made it impossible to proceed further into the red. It is dear, however, that 
the leading member of this sequence is in all probability identifiable with the 
third of the above bands mentioned by Walters and Bairatt. 

In the paper by George, to which several references have been made,* 
there is given a list of bands attributed to barium oxide. Among these are 
four bands in remarkably close agreement with those mentioned. In view 
of this, the supposed “ BaO ” data were examined, and it was found possible 
to analyse the system completely. The results are given in Table III. Applying 


Table III.—2 *D -+ l *S. 


No tee. 


Q heads. 

R head*. 

n', n". 

A. 

•w. 

A. 

V Vftr, 

o, 6 

1,0 

0612 217 

14463*16 

6909*495 

14468-85 

a 

2,1 

35*391 

414*83 

32*650 

420-54 

a 

3,2 

08*771 

366*40 

56*4 

371*29 

a 

4,3 

82*302 

317-98 

79-483 

323*76 

b 

[ 0,0 

7119*306 

14042*45 

7115*974 

14049*02 


b 1 

42*038 

13967-76 

38*817 

; 004*07 

b 

*0,1 

7363*449 

j 13576-86 

7369*328 

j 13584*46 

c 

1.2 

85-68 

636-00 

| 81*67 

1 543*35 


2,3 

7408*29 

| 494-68 

! 7404*244 

! 502*25 


3. 1 

30*99 

i 

1 453-46 

! 

26*60 

i 

461*41 


a Observed on my omission plates. 
b Observed by Walters and Barratt in absorption, 
o This value oorreots an error in George’s wave-length. 


previous methods to these data I found for the vibrational constants of the 
initial and final electronic states :— 


v e = 14042*02 


o' = 423*133 b' = 2*1108 c'*+0*1166 

r 0*0983 (1,0) *>. (4) 

a" = 466*806 b" =* 1 *6668 c" = + -i f 

10*0216 (0,0) J 


This exhibits remarkably close agreement of the final state, with that 
already derived from BaF in equation (2). Bearing in mind the peculiar 
discrepancy in b" as determined from the various systems of CaF and SrF, a 
feature believed to be common to all the alkaline earth fluorides, we may 
definitely identify the final state of the above system of bands with that 
already determined for BaF. George’s supposed barium oxide origin for the 


* Sm ‘ Donnies Numiriquea de Speotarosoopie,’ extx&it du vol. 4, p. 186. 








Band Spectra of Alkaline Earth Halides . 


195 


bands must therefore be abandoned. The three bands observed strongly 
in absorption are seen from Table III to be (0, 1), (0, 0) and (1, 0). At the 
relatively high temperatures (1000 to 1200° C.) used by Walters and Barratt, 
it is to be expected that a considerable proportion of molecules will be in one- 
quantum states, as absorption of the (0, 1) band requires. The new system ia 
believed to arise from the electronic transition 2 a D -*■ 1 a S, and it has been 
labelled as such in Table III and fig. 2. Beference to fig. 1 reveals a level 
2 2 D below 2 2 P in the Ba 4 atom. In the Mg + atom this level has not been 
recorded, but in Ca 4 ', Sr 4 ', and Ba + , it appears as the final level of aBergmann 
(or fundamental) series. In view of the electron transition 3 2 D 1 2 S to 
which the band system recorded in Table II has been attributed, it seems reason¬ 
able to attribute this band system to 2 2 D -+1 2 S, for it is found in about the 
expected region and has the same structural characteristics. 

It is indeed remarkable that the system 2 2 P -*■ 1 2 S, which has been so 
dominant in CaP and SrP, should be unrecorded in BaF, and that systems of 
the *D-*- a S type should appear. The system we have just considered (vide 
Table III) is in the region where we may expect to find such a 2 P -* 2 S system. 
Beference to Tables V and IX of Paper I indicates the progressive lowering of 
analogous energy levels as the molecule becomes more massive, and we should 
expect the 2 P levels in the neighbourhood of 14000 to 15000 v, On the assump¬ 
tion that the doublet interval ( a P 2 — 2 P X ) is a function of the molecular number, 
I have used the data for MgF, CaP, and SrF, and found by a rough extra¬ 
polation that a doublet interval of the order of 600 v may be anticipated for 
BaF. (Mecke has recorded for BaF, a doublet interval of 660 v, but I have 
been unable to find any experimental evidence in support of this amongst 
available data. It is presumed to be a value calculated from theoretical 
considerations.) There is no evidence of any doublet interval of this order in 
the data of Table III, nor are there any absorption bands of Walters and 
Barratt in the extreme red unaccounted for. We are obliged therefore either 
to conclude that in the BaP molecule the 2 a P level lies below the 2 a D level, 
in which case the 2 *P -> 1 a S system will lie in the near infra-red, or, alterna¬ 
tively, that it is considerably weaker than its analogues in CaP and SrP, and 
has been unrecorded owing to the rapidly diminishing sensitivity of photo¬ 
graphic plates in the red region. 

Pig. 2 gives a picture of the energy levels of the BaP molecule. The full 
levels are electronic, and the broken lines are vibrational levels. The tran¬ 
sitions indicated axe of the leading member (only) of each sequence. In 
Table IV are summarised the constants of the BaP molecule. 
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Fio. 2.—Energy Levels of the BaF Moleoule. 

Table IV. 


Level. 

Energy. 

a 

6 


V. 

Volts. 

(cu 0 ). 

("©*)• 

c. 


1*S 

0 

—. 

♦464*044 

2-0318 

/+0-01646 
\ +0-01861 

2*D, 

14042 02 

1-733 

423*133 

21108 

+0-01166 

2 *S 

19991*97 

2-468 

452*464 

1-8767 

+0-01669 

3*D, 

20193*25 

2-493 

t457*189 

1-8720 

/+0-01666 
\ +0-01370 


* Values of equation (2) from the 2 a S 1 8 S system. See also equation (4) for those from the 
2 *1) -*> 1 *S system. 

f Deduced by assuming the above constants for 1 *S. 


The Magnesium Fluoride Bands. 

This molecule (MgF) presents phenomena in great contrast to those of BaF. 
One system only has been recorded by Mecke, and this comprises the whole 
of the experimental emission data. This system, which is in the near ultra¬ 
violet, is undoubtedly due to the transition 2 a P -*■ 1 a S. The measurements 
of Datta have been used for purposes of analysis. These are arranged in 
Table V together with the quantum numbers assigned to each band. D lt 
B x , and E x are the (1, 0), (0, 0), and (0,1) sequences of Q branches arising from 
one of the doublet levels. D/, B/, and E x ' are the associated sequences of 
P branches. There is little doubt that the (0, 0) band of B x has not been 
recorded by Datta. Its position at v 27833-3 brings the P-Q interval for 
B X B X ' close to the value of D X D X '. It is apparent from their general dis¬ 
position that B x " (Q heads) and B x "' (P heads) are the (0, 0) sequences, and 
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B x (Q heads). 

B/ (P heads). 



B/' 

(Q heads). 

B/" (P heads). 

n\ n". 





n • n". 





1 



A. 

v vac. 

A. 

V VttC. 



A. 


>W 

A. 

| v vao. 











*3609-26 

27775-81 

0,0 

t(3591*82) 

(27833*16) 

3592*80 

27825*47 

0,0 

3594-22 

27814-55 

3595-69 

27803*18 

1, 1 

88*19 

861*28 

89-11 

854*15 

1,1 

90-58 

842-74 




2,2 

84-69 

889-26 

85*42 

882-80 

2,2 

80-94 

871-00 




3, 3 

80-98 

917*36 

81*80 

911-13 

3,3 

83-30 

899-30 




4, 4 

77-41 

046*21 

78*00 

940-15 

4,4 

79-00 

927-50 




5,5 

73*79 

973-61 

74*48 

969-12 

6, 5 

76-09 

955-63 




6,0 

70*28 

2800M6 

71*98 

993-95 

6,6 

72*65 

983-07 




1 





7,7 

08*0 


28011-20 




I 

l 

Ei (Q heads). 

E/ (P heads). 



.(Q heads). 

E l " (P heads). 

i 

A. 

v voc. 

A. 

v vae. 



A - 

vac. 

A. 

*Vac. 

0,1 

3682-28 

27149*43 

3082-82 

27145-44 

0,1 

L 




3085*79 

27123*57 

1, 2 

77*36 

186-73 

77*92 

181-09 

1,2 




80-80 

100*14 

2, 3 

72*60 

221-70 

73*00 

217*60 

2, 3 




75-91 

190*44 

3,4 

67*69 

267-31 

68-26 

253-13 

3,4 




71*04 

232*47 

4,5 

62-96 

292*58 

03-52 

288-32 

4,6 




06-23 

268*23 

5. 0 

68*28 

327-48 

58*87 

323-15 

5, 0 




61*40 

303*71 

6,7 

153-57 

362-70 

64*25 

357-01 

6,7 




56-73 

338-99 

7, 8 

J49-04 

396*66 

49*09 

391-72 

7,8 




52-07 

373-86 

8,9 



46-19 

425*50 

8,9 




47-46 

408-52 

9,10 



40*70 

458-90 

9, 

10 




42-93 

442-91 

10,11 



30*42 

491-71 

10, 

11 




38*41 

477-03 

11, 12 

# 


82*20 

524-62 

11. 

12 




33-94 

510*87 


Dj (Q heads). 

T>i (P heads). 




Isotopio Q heads 
of Dj. 








ti 

/, n". 







A. 

v vac. 

A. 

v vue. 



f 

1 


A. 

v vac. 



1,0 

3502-44 

28543*37 

3503*30 

28535-88 



1,0 


3503-30 

28536-38 


2,1 

3499*88 

664-24 

00*81 

656-60 



2,1 


00-02 

668-23 


3,2 

97*36 

684-90 

3498*29 

677-22 



8.2 


3498*10 

578*80 


4,3 

94-34 

606-36 

96*80 

597-57 



4,3 


95*60 

099-56 


0,4 

92-41 

026*41 

93-81 

617*90 



6,4 


93*11 

019-62 


6, 8 

t90 08 

644-43 

90*88 

037-95 



0,5 


90-01 

040-12 


7,6 

87-64 

665*37 

88*48 

057-60 



7,6 


88-33 

658-84 


8,7 

85-17 

684-78 

80*11 

077-04 



8,7 


80-0 

678*0 



9,8 

82-81 

704-21 

83*78 

696-21 









10,9 

80-60 

723-25 

81*48 

716*25 




- ** 





11,10 

*78-83 

741*16 

79*10 

784-15 









12,11 

J76-32 

757*80 

76-96 

762-60 









13,12 



74*73 

771-01 









14,13 



72*55 

789-08 









16,14 



70*48 

806-24 









16,10 



68*40 

823*01 










() Value calculated, not observed. * Spurious measurement, 

t Value smoothed before computation. J Value omitted in computation. 
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2 Z P 


;n-o 


that E x " is the (0, 1) sequence associated with the other level of the doublet. 
The precise assignment of quantum numbers to these, however, raises one or 
two problems which may be mentioned at this stage. Taking the first recorded 
head in each of B x " and B/", the P-Q interval suggests that the first member 
(0, 0) of B x " has not been recorded—precisely as occurred in connection with 
B x and B x \ If, however, we deduce v 27786 *3 as the first member of B x " 
and adopt this as the (0, 0) band, the electronic doublet interval ( a P 3 — 2 P X ) 
becomes 47 v, as compared with 18*6 v otherwise. If the doublet separation 
is plotted against molecular number fox CaF and SrF, and if it u assumed that 
the one will approximately vanish with the other, it is apparent that 
the value 18*7 v is much the more probable fox MgF. It has, therefore, been 
decided to retain v 27814*5 as (0, 0) band of B x ", and to regard the first 

recorded member of B x '" as fictitious. This 
is quite possible owing to the extreme faint¬ 
ness of B x '", as a glance at Datta’s plate will 
show. Accepting v 27814*5 as the (0, 0) Q 
head, it is easy to calculate that the (0, 1) 
Q head should be located at v 27132*4. 
This sequence clearly is not reoorded, but 
at the expected interval of about 9 v to the 
low frequency side we find the (0, 1) P-he&d 
sequence named E x ". On no other assump¬ 
tion, except that of the spurious nature of 
the faint band at v 27775*6, can the sequence 
E x " be satisfactorily explained. In fig. 3 
are shown the transitions for the leading 
member of each sequence. The electronic 
doublet interval is given as 18*6 v. Mecke gives 22 v. but he has used the P 
heads in obtaining this. The former value obtained from the Q heads is the 
more accurate. 

Expressions have been obtained for the three sequences l) x , B x , and B x> 
viz.;— 

(D x ) v » 28543*38 + 20*96 9n” - 0*1083»" 2 . 

(B x ) v « 27833*15 + 28*111 m" - 0*0161n"» 

(E x ) v « 27112*76 + 36 *$37n" - 0* 1750n" 2 , 


© T © 






i 


-n--o 


\ 2 S 


FiO. 3.—Energy Levels of the MgF 
Molecule. 


and from these by applying equation (1) to D, and B lt and then to B, and E,, 
we obtain two sets of vibrational constants which, however, are appreciably 
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different. The constants of Table VI are approximately mean values of these 
and express the band system moderately well. 


Table VI. 


Levol. 

Energy. 

.. ...!. 

r. 1 

i 

VoItH. 

a 

<«.)• 

6 

(*>•*)• 

1*8 

2 *P l 

2 *P t 

« j 

\ 27814-55 

1/ 27833-15 

0 

3-433 

3-436 

886-80 
j- 714-91 

3*90 

3-97 


The accuracy with which the system is represented does not justify a long 
extrapolation such as is necessary to determine the energy of dissociation of 
the molecule. It would appear, however, to be of the order of 33000 v. 

There remains one curious feature in connection with the magnesium 
fluoride spectrum to which attention should be drawn. With the exception 
of the faint heads of intensity (0) in BaP, the whole of the absorption bands 
of CaF, SrP and BaP are satisfactorily explained ; in the case of MgF the 
situation is quite the reverse. In the table of the absorption bands of MgF* 
given by Walters and Barratt, the band at X 3592 of intensity (2) is very 
probably a compound of the (0, 0) band heads of B„ B/, B/', B t '", but I have 
been unable to account for any of the other bands. Some of these are very 
strong, and should be in the same neighbourhood as the familiar emission 
bands. Neither on Datta’s plate, nor on special plates taken in the course 
of a search for these bands, have 1 found any evidence of them. There seem 
to be only two possible conclusions: either these bands represent a system 
or systems of MgF which are incapable of exoitation in the electric arc, or 
they are absorption bands of some molecule other than MgF. I incline to the 
latter 1 view. (Incidentally, it is believed that many of the faint absorption 
bands of intensity (0) in BaF are identifiable with these “ MgF ” absorption 
bands.) 

The Vibrational Isotope Effect. 

A number of faint beads otfviously associated with those of the D t sequence 
are recorded by Datta. These are isotopic heads arising from the molecule 

* Probably the direction of degradation of all these bands should be given as to the 
short wave side, and not as In the table. The band X 3592 is certainly degraded to the 
short wave side. Incidentally, in the table of absorption bands of CaF, the first five bands 
should bo marked as degraded to the short wave side. 
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Mg 25 F. The main system is due to the more abundant species Mg M F* The 
theoretical value of the isotopic coefficient for these molecules is given by 
(p — 1) == — 0*0088. The experimental value has been calculated from the 
given data, and the mean value of (p — 1) was found to be — 0*00774. This 
measure of agreement is satisfactory for the given data. The mean separation 
of the isotopic heads is only about 0*2 A.U. and the accuracy of measurement 
is probably not greater than 0*02 or 0*03 A.U. 

In conclusion I should like to thank again Prof. J. J. Nolan of University 
College, Dublin, for the loan of the Rowland grating to me. I am indebted 
for assistance, on several occasions, with the experimental work to Mr. R. K. 
Asundi. Finally, I should like to acknowledge gratefully the use of a calcu¬ 
lating machine, made possible by the Government Grant Committee of the 
Royal Society. 

Summary, 

(1) A quantum analysis has been made of the gross structure of the band 
spectra of the BaF and MgF molecules. For the former molecule new measure¬ 
ments have been made in the first order of a 21-foot Rowland grating. 

(2) The familiar BaF bands in the green region are believed to constitute 
two systems, attributed to electron transitions 2 *S 1 *8 and 3 2 D -► 1 *S. 

(3) A number of bands measured by George, and attributed by himtoBaO, 
have been analysed, and found to have their final state in common with the 
above BaF systems, thus proving their fluoride origin. The system is believed 
tobe2*D-l*S. 

(4) The suggested transitions of the type 2 D -**S are discussed, and are 
believed to be new to band spectra. The absence of the 2 *P 1 8 S 
transition in BaF is remarkable. 

(5) The recorded emission bands of MgF constitute a 2 *P -+1 *8 system, in 
which A2 a P = 18*6 v. The vibrational constants for these two states of the 
molecule are given. 

(6) Definite evidence of the vibrational isotope effect occurs in the T> t 
sequence of MgF. The observed value of the isotopic coefficient agrees within 
the limits of error with that calculated on the basis of two isotopes of magnesium 
of masses 24 and 25. 
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The Band Spectra associated with Zinc , Cadmium , and Mercury . 

By J. M. Walter, B.Sc., and S. Barratt, B.A., University College, London. 

(Communicated by T. 11. Merton, F.R.S.—Received September 7, 1928.) 

The band spectra of the alkali metals are now well known, and it has been 
established that they are due to a small proportion of diatomic molecules, 
which are normally present in the vapours of these metals. It is as yet uncertain 
how many other metals, with vapours which, according to the ordinary methods 
of measurement, appear to be monatomic, give similar spectroscopio proof of 
association. Throughout , a large number of experiments with the saturated 
vapours of the alkaline earth elements, up to 1200° C., we have found no 
evidence of band spectra which can be attributed to diatomic molecules of 
these metals. The elements of Group 116 of, the Periodic Table are much 
more interesting in this respect, and it is with experiments on the absorption 
spectra of these that this communication is concerned. 

There have been several recent investigations of the vapours of zinc, 
cadmium, and mercury, and quite extensive band systems have been ascribed 
to them. It appeared to us, however, that the origin of some of the bands 
had not been completely established, and, in fact, we have now found that 
many of them are due to impurities of various kinds which may contaminate 
commercial samples of these metals ; but even rejecting these impurity 
spectra, there remains evidence for association of the atoms in the vapours of 
all three elements. 

It is often difficult, owing to the extreme sensitivity of spectroscopic methods, 
to assign a band spectrum to a particular molecule with certainty. For 
example, the most prominent features in the absorption spectrum of the 
vapour of Commercial calcium are the bands of calcium subchloride and of 
sodium; though neither chlorine nor sodium can be present in more than very 
small amounts. The “ cadmium ” and “ zinc ” bands, and some of the 
“ mercury ” bands that have been listed, have a somewhat analogous origin, 
though the molecules responsible for them are not so easily identified, as 
none of the bands have been previously described, and as some of the impurities 
are rather unsuspected ones. It is only safe to assume that a given band 
system is due to a metal molecule such as Cd a , when it has been shown that 
it oan be observed with equal ease in samples of the metal from independent 
sources, and when its intensity is neither sensibly increased, nor decreased, 
by the introduction of traces of other elements. 
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In the present experiments, we first proved the non-metallic origin of most 
of the spectra by observing their total disappearance when a trace of sodium 
or potassium vapour was introduced into the absorbing column. This 
indicated that the molecules responsible for the bands thus repressed, contained 
electronegative elements which could be removed as the sodium or potassium 
salts. The probable electronegative impurities in these metals are limited, 
and the active ones were identified by increasing the quantity of each in turn, 
until every one of the band spectra had been obtained in an enhanced 
condition. 

Many of the experiments were carried out in a form of apparatus already 
described,* consisting in essentials of an iron tube electrically heated, and 
provided with water-cooled quartz windows. The absorbing column was 
about 9 inches long. Such an apparatus has the advantage of rapidity in 
working, but all the conclusions were confirmed later, by experiments in 
which the vapours were enclosed in sealed quartz tubes with plane end windows. 
The metal was placed in a side tube heated to a temperature below that of the 
main apparatus, and the temperature of this side tube therefore determined 
the concentration of vapour in the absorbing column. It is much easier to 
exclude impurities from this form of apparatus than it is from the iron tube, 
so that it is more suitable for critical experiments on the origin of these spectra. 
The three metals will be treated separately in the succeeding sections. 

Cadmium. 

Mohler and Moore in a recent paper,f have attributed seven band groups 
to this metal. We have come to the conclusion, however, that none of these 
barnis, with the exception of Group I (see table below), can be due to a cadmium 
molecule. The remainder are due to impurities. We observed all the bands 
in a well developed state when cadmium was heated in an atmosphere of 
commercial (oxygen-containing) argon. All, except Group I, were weakened 
when hydrogen replaced the argon. Our next experiment was carried out 
in the presence of argon freed from oxygen by phosphorus, a trace of potassium 
metal having been added to the cadmium in order to combine preferentially 
with any electronegative impurities. The photograph showed none of the 
band systems except I, though the cadmium atomic lines were broader (And 
the density of the metal vapour greater) than in the previous experiments. 

* Walter and Barratt, k Hoy, «oo. Proc./ A, vol. 119, p. 267 (1928). 
t J. Opt. Soc. Amor./ vol. 16, p. 74 (1927). 
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We then proceeded to find the impurities which must be added to cadmium to 
intensify eaoh of the remaining systems. 

Group II of Mohler and Moore was observed much enhanced in intensity 
when cadmium, with the addition of a little cadmium oxide, was heated in 
a quartz tube. A similar tube containing cadmium freed from superficial 
oxide showed only a trace of the same bands even at higher temperatures. 
We therefore attribute this spectrum to a compound containing both 
cadmium and oxygen, which must be appreciably volatile at these temperatures 
(500° to 800° C.). 

Groups III, IV and V we have found, by a similar series of experiments, 
to be due to a cadmium chloride molecule. The spectrum is much more strongly 
developed, of course, with chloride added artificially to the metal, and we 
have recorded a few additional members of the band series. 

Groups VI and VII eluded explanation for a considerable time. We 
attempted to intensify them, but without success, by adding to the vapour 
all the electronegative elements which were likely—and some which were 
unlikely—impurities. The clue to their origin came from a series of experiments 
in which a new sample of cadmium was U8ed ; a sample from which we could 
not obtain the bands under any conditions. We next examined the spark 
spectra of the two specimens of metaJ, and found that our original material 
contained thallium, while the new specimen was free from it. It was then 
a simple matter to show that the bands in question are due to thallium chloride. 
They are very finely developed when thallous chloride is heated alone in 
cither form of apparatus described above. We have not measured this 
spectrum completely as yet, but only sufficiently for identification. It should 
be mentioned that Mohler and Moore suspected that these bands might be due 
to an impurity present in their tubes. 

Finally, to confirm the validity of this method of identifying the origin of 
the bands, we experimented with additions of traces of cadmium bromide 
and of cadmium iodide to the metal vapour, and as we expected, new band 
series appeared in absorption, evidently due to a volatile bromide and iodide 
of cadmium. These are briefly listed below. lit a later communication we 
hope to describe them more fully, and to discuss the type of molecule responsible 
for them. It is probable that the molecules are of the subhalide type, e.g n 
CdCl, both on theoretical grounds, and by analogy with the origin of the 
alkaline earth halide bands,* but we have not attempted to prove this point. 

The band spectrum of cadmium in the glass and quartz regions would, 
* Walter and Barratt, * Roy. Soc, Proc.,* A, vol. 118, p, 120 (1928). 
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therefore, seem to be limited to the structureless band at X 2212, Of the origin 
of this there is, however, very little doubt. In the table below we have given 
first Mohler and Moore’s tabulation, and in the other columns our own measure¬ 
ments on the component spectra. 


Cadmium Bands . 


Mohler and Moore. 

Cd a . 

Cd-f O. 

Cd + Cl. 

T1 + Cl. 

Int, 

Band 

Group. 

A. 

lot. 

A. 

A. 

1 

A. 

A. 


I 

2212 


2212 









2866* 



00 





2844* 



0 





2826 



00 





2823 



I 





2810 



3 





2797 



4 





2783 



1 

II 

2781 



2781 



3 





2769 



2 


2707 



2767 



4 


2766 



2760 



3 


2746 



2746 



5 


2736 



2732 



6 


2726 



2721t 



3 


2700 



2710* 



2 


2701 



2699* 



2 


2694 



209Ot 



1 


2687 

1 






2680 

; 1 

2679* 



0 


2073 

t 

2673* 



0 


2666 


1 






2669 


i 

2660* 



00 


2663 



2662* 



00 




! 

2644* 



00 

V. 

3177 

8 



3181 


6 


3170 

4 



3174 


2 






8172 


5 


3161 

2 



3163 


3 


3160 

1 



3162 


I 


3141 

0 



3146* 


0 






3134* 


0 






3127* 


0 






3120* 


00 






3116* 


00 

IV. 

3104 

I 



3104* 


0 






3100* 


0 


3006 

1 



3097* 


0 


3089 

1 



3090* 


0 


8083 

0 



3083* 


0 






3077* 


0 


asterisk ate those which it is difficult to measure satisfactorily, 
t Indicates that the band head is masked by an emission line. 
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Cadmium Bands —(continued). 


Mohler and Moon. 

Cd r 

Cd + O. 

0d + Cl. 

Tl + Cl. 

Int. 

Band 

Group. 

A. 

Int. 

A. 

A. 

A. 

A. 







3074 


2 

in. 

3071 

4 



3072 


5 


3066 

2 



3066 


4 


3059 

1 



3060 


3 


3052 

1 



3064 


2 


3040 

1 



3047f 


I 


3040 

I 



3042 


1 


3035 

0 



3036 


0 


3029 

0 



8080 


0 


3023 

0 



3023 


0 






3018 


0 








0 

vn. 

3310 

1 




3311 

2 







3309 

0 


3300 

1 




3300 

3 








0 


3289 

0 





3 







3288 

0 







3281 

I 








0 







3270 

2 







3268 







(A 3261 

in absorpt 

Ion). 

VI. 

3249 

4 




3261 

4 







3250 

0 


3241 

0 




3241 

6 







3240 

2 


3232 

8 




3232 

8 







3280 

2 


3222 

12 




3223 

10 







3221 

2 







3205 

0 







3193 

1 






3182 

0 


t Indicates that the band head is masked by an emission line. 


Cadmium Bromide Bands . 


A,dr. 

Vvac* 

Int. 

3551 

28163 

0 

3538 

28257 

0 

3525 

28361 

0 

3510 

28482 

I 

3499 

28571 

I 

3486 

28678 

2 

3475 

28769 

2 

3464 

28860 

2 

3452 

28960 

4 

3430 

29146 

8 

3418 

29249 

3 

3407 

29343 

0 


These bends an degraded to the long wave-length side. 
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First Set of Cadmium Iodide Bands . 


Aair* 

I’viio* 

Int. 

4032 

24795 

0 

4002 

24980 

0 

3968 

23180 

1 

3934 | 

25412 

2 

3898 

25647 ! 

2 

3885 

25933 j 

3 

3806 

26267 

0 

These bands am diffuse so 

that the absorption maxima only have been approximately 

measured. 




Second Set of Cadmium Iodide Bands. 


\\\r‘ 

i\ae* 

1 Int. 

i 

4301 

23244 

0 

4296 

23271 

1 

4289 

23309 

2 

4234 

23336 

3 

4279 

23363 

10 

4266 

23435 

6 

4260 

23468 

4 

4255 

23495 

2 

4230 

23383 

0 

4286 

23601 

1 

4230 

23634 

3 

4226 

23656 

2 

4222 

23679 

0 

4217 

23707 

00 

4208 

23786 

0 

4197 1 

23820 

1 

4193 

23843 

0 

4189 

23865 

00 

4147 

24107 

2 

4115 

24295 

1 

4082 

24491 1 

1 

4061 

24617 

0 

4054 

1 

24660 ! 

00 

The second set of cadmium iodide bands are degraded to the long wave-length side. 


Zinc. 

Mohler and Moore observed three systems of bands in the absorption spectrum 
* of zinc vapour (see table below)* We have observed all three in the absorption 
of commercial zinc, but we have also found that two of them fail to satisfy out 
criteria for true metal spectra. These two systems vary in intensity from 
sample to sample, they are weakened by replacement of the argon by hydrogen, 
and they are entirely removed by the addition of a small quantity of an alkali 
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metal. Group I is intensified, on the other hand, by introducing zinc oxide 
along with the zinc, into the furnace tube. It is not easy to obtain a satisfactory 
photograph of this spectrum, as with an excess of zinc oxide a continuous 
absorption obscures this wave-length region. Our measurements are, therefore, 
only approximate, and we are less satisfied with the observations on this 
spectrum than with those on any of the other bands. 

Group II we have found to be the zinc chloride spectrum. As in dealing 
with the cadmium spectra, we thought it desirable to secure confirmatory 
evidence of our conclusions by obtaining analogous bands from the bromide. 
We found a new band system on the long wave-length side of the chloride 
spectrum, this has also beeu tabulated. 

Group III is a true band spectrum of zinc, as it is consistently developed 
under all conditions in zinc vapour of sufficient density. 

Zinc Bands. 


‘ i I 

Mohler and Moore. i Zn a . f CJ. ■ Zn -f O. Int. 


Band 

Group. 

A. 

Int. 

A. 

A. 

1 

A, 


III. 

3050 

. 1 _ 

3050 



i 

II. 

2990 

0 ! 

2003 


0 


2976 

1 I 

2976 


i 


2087 

6 ! 

2988 


8 


2943 

3 i 

2943 


5 



i 

2941 


1 


2934 

8 : 

2934 


10 



! 

2932 


i 


2923 

2 1 

2928 


5 


2912 ! 

1 


2911 


2 


2902 i 

0 

. 


2903 


1 ° 






2654 

00 

I. 

2636 




2689 

00 


2622 




2623 

00 


2608 




2608 

0 


2694 




2693 

0 


2682 




2681 

0 


2671 




2669 

00 


2669 




2668 

00 


2661 




2649 

00 






| 2639 

i 

00 
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The Zinc Bromide Bands. 


Xvlr* 

^vae* 

Int. 

3113 

32114 

1 

3110 

32146 

4 

3102 

32228 

2 

3093 

.. 82322 

1 

3086: 

32406 

1 

3071 

32663 

4 

3068 ! 

32586 

3 

3064 

32623 

2 

3060 

32670 

1 

3066 

32713 

0 

3052 

32777 

00 

3048 

32799 

0 

3044 

32842 

0 

3039 

32896 

0 

3086 

32939 

00 

3031 

32983 

00 

3027 

33026 

00 


X This band was ill-defined, so that its centre only has been measured. 
This band system is degraded to the long wave-length side. 


Mercury. 

There can be no doubt that mercury vapour contains diatomic molecules. 
The corresponding band spectra are complex, and they have been carefully 
observed, both in absorption and emission. We have examined the behaviour 
of the known absorption bands by the methods already detailed, and we have 
found that they all have the characteristics of true metallic band spectra, with 
the exception of one system lying between X3000 and X2750. This band 
system has been recorded by Mohler and Moore, and by Moore in a subsequent 
paper.* It has also been more fully examined by Lord Rayleigh.f It appears 
in high pressure mercury vapour (above the normal boiling-point in our own 
apparatus), and the component bands are diffuse and diffic ult to measure, 
Au excellent reproduction of this troublesome photographic subject is given 
in the third of the papers just quoted. 

We have made many attempts to observe this spectrum in mercury vapour 
when it is heated in a carefully evacuated quartz tube, but always with negative 
results. It is interesting to note that Moore, in the later paper which appeared 
during the prosecution of our own experiments, concludes that this spectrum 
is probably not a true mercury spectrum, but, as he found that it was better 
developed in the presence of nitrogen, infers that a mercury nitride may be 

* ‘Science,’ voi. 66, p. 643, 1927. 
t ‘ Roy. Soo. Proc„* A, vol. 116, p. 702 (1927). 




Band Spectra associated with Zinc , Cadmium and Mercury . 209 


responsible for it. At one stage of the enquiry, we had come to the same 
opinion, but we ultimately found that the spectrum did not appear when 
oxygen was carefully excluded from the apparatus, however great a pressure 
of nitrogen was present. If a trace of mercuric oxide were introduced together 
with the mercury, the bands invariably appeared, irrespective of the presence 
of nitrogen. We can only conclude, as a result of our observations, that the 
bands are due to an association of mercury and oxygen, and not to the metal 
itself, or to a nitride. 

There is no conflict of experiment with the work of Lord Rayleigh, as his 
mercury column was in direct contact with air. In view of the discrepancy 
with the remaining investigations, we have spent much time in repeating our 
experiments. It may be taken as a slight confirmation of our conclusion that 
this band spectrum resembles Group II of cadmium, and Group I of zinc which, 
according to our experiments, are also oxide spectra. 


Mercury Bands. 


Mobler and Moore. 

lWyldgh. 

H«. 

Hg + O. 

Band 

Group. 

A. 

i m. 

A. 

A. 

A. 

1 . 

2345 

10 

2341 to 40 

2339 to 45 



2339 

5 

2337 

2330 



2334 

i 

2333 

2333 





2330 

2331 





2741 


2739 




2747 


2747 




2755 


2753 




2762 


2700 

XI. 

2772 


2708 


2707 


2778 


2770 


2774 


2780 


2784 ; 


2784 


2794 


2791 1 


2794 


2801 


2799 


2800 


2810 

i 

2807 

: 

: 

2808 


2818 


2815 ! 

■ 

2814 

i 2826 


2825 


2824 


2835 


2833 


2834 


2840 

i 

2843 


I 2843 


2867 


2853 


2854 


2800 


2804 


2804 


2870 


2874 


2875 


2886 


2884 


2885 


2889 


2895 


2807 


2909 


2907 


2907 


2921 


2918 


2918 


2932 


2930 


2931 




2943 


2043 
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All three systems are rather difficult to bring up satisfactorily in the vapours, 
and the molecules responsible for them are presumably only formed in small 
amounts. We found that if too much oxide were added to the metals all 
three systems became obscured by a continuous absorption, and were then 
quite impossible to photograph. The approximate measurements on the 
mercury bands which are recorded below were made on the intensity maxima, 
or centres, of the bands. We have also succeeded in finding chloride and 
bromide absorption bands of mercury in much the same spectral region. 
We have not included them in the table (see p. 209), as we are reserving them 
for a more detailed examination. 

Summary. 

(1) The majority of the supposed band absorption spectra of zinc and 
cadmium, and one band system previously attributed to mercury, would 
appear to be oxide and chloride spectra. ' 

(2) In the present experiments, the only bands found which can be attributed 
to zinc and cadmium themselves, are two weak and diffuse bands, one for 
each metal. The absorption spectrum of mercury, however, is much richer, 
and there is no doubt that mercury vapour contains diatomic molecules. 

(3) The bromides of the three metals, together with the iodide of cadmium, 
all yield absorption band systems analogous to the chloride bands. 
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Observations in Connection with the Band Systems of the Fluorides of 
Beryllium and Magnesium 

By W. Jevonb, D.Sc., F.Inst.P., Military College of Science, Woolwich. 
(Communicated by Prof. H. C. Plummer, F.R.S.—Received September 19, 1928.) 

[Plate 8.] 

L Introductory . 

Until quite recently only two band-systems had been attributed to com¬ 
pounds of beryllium, BeF being the emitter of one system, which occurs in 
the ultra-violet, and BeO that of the other system, which lies in the visible 
region.* The former molecule is one of a series of thirteen-electron emitters 
of known band-systems, namely, CN, N 2 + , CO^, BO, BeF, and MgH. The 
other molecule BeO is of interest on account of the fact that, like the emitter 
NaH,f it has the same number of electrons (twelve) as C 2 , in which an electronic 
transition 3 P -* 3 P is responsible for the emission of the Swan band-system.^ 
The observations recorded in the first part of the present paper were made 
in order to ascertain whether any further bands might la* attributed to BeF 
and BeO. The description of the newly observed bands (in section 4) is, for 
convenience, preceded by a discussion of the known systems. In the course 
of this discussion the data for BeF baud-heads are re-examined and a modified 
interpretation of the heads is suggested (in section 2); and some corrections 
of, and additions to, the band-head data for the BeO system are also made 
(in section 3). 

The molecule MgF which forms the subject of the latter part of the paper 
is one of four 21-electron emitters of known band-systems, namely, SiN, AlO, 

* Very recently two hydride systems have been discovered. One of them occurs in 
the visible region near X 5000 and w as reoorded independently by W. W. Watson and by 
M. I’eterson (‘ Phys. Rev., 1 vol. 31, p. 1330 (1928), abstracts 85 and 86 respectively); it 
is attributed to an electronic transition 8 P-> 8 S in the BeH molecule. The other system, 
which was recorded only by Watson {loc. at.), extends from X 3700 into the ultra-violet 
and consists of bands degraded to the rod with single P and R branches only; Watson 
attributes it to an electronic transition *S *S in the ionised molecule Bell+. 

t E. H. Johnson, * Phys. Rev./ vol. 29, p. 85 (1927). Mr, R. W. B. Pearse has kindly 
informed the writer that a further 12-electron emitter is possibly MgH 4 , as the extensive 
ultra-violet system of magnesium hydride appears on analysis to be entirely analogous to 
Watson’s l S *S system of BeH + (see above footnote). 

t Mulliken, *Phys. Rev./ vol. 29, p. 637 (1927); Pretty, ‘Phys. Sue. Proc,/ vol. 40, 
P* 71 (1928). 

P 2 
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MgF, and CaH—analogous to four of the above 13-electron emitters. Up to 
the present MgF has been represented by one ultra-violet band-system (sec¬ 
tion 5). A hitherto unrecorded band-system of MgF is now described (in 
section 6). 

2. The Doublet Band-system of BeF, 

The BeF system, which consists of bands degraded towards the red, was 
first described by S. Datta,* who obtained data for a very large number of 
band-heads in the second order of the 10-foot grating at the Imperial College, 
South Kensington (dispersion about 2 *75 A./ram,). In every band Datta 
designated one head as E s ; for many of the bands he measured a second head 
of slightly greater wave-length, designated E/ ; and for some bands he gave 
a third head of considerably greater wave-length E/'. The subscript s had 
the values 1 to 6 for the different sequences (Datta’s “ Series ”) in the direction 
of increasing wave-lengths. Datta also obtained data for lines of the (0, 0) 
band at X 3009 with still higher dispersion (third order of the grating), but 
they do not fully reveal the true band structure. 

R. 8. Mullikenf has assigned values of the initial and final vibrational 
quantum numbers, n\ ri\ to the bands and has interpreted the first two heads 
E, and E/ respectively as the R and Q heads of one component band of a 
doublet, and the third (weaker) head E/' as one of the heads (probably the Q) 
of the other component band, the remaining (R) head possibly having escaped 
detection among the numerous band-lines. The n'n " arrangement of Datta’s 
wave-numbers for the band-heads is shown in Table L% In addition to the 
bands of the BeF system shown in Table I, Datta recorded seven heads which 
do not form a sequence (Datta’s group Eg, “ not arranged in series ”) ; further 
reference to these will be made in section 4. For the pairs of Q heads (i.c., 
the second and third heads) Mulliken gave the approximate formula :§ 

vq ^ 33263*5-} 

33228-5 J + 1168 (W ' + ~ 8 (n '+ * )2 “ 1262 {n "+ *> + 12 <»"+ 

* ‘ Roy. Soc. Proc.,’ A, voi. 101, p. 187 (1922).’ 

t ‘ Phys. Rev.,’ vol. 26, p. 671 (1926). 

X The wave-numbers in all the tables of this paper are obtained from the observed 
wave-lengths with the aid of Kayser’s “ Tabelle der Schwingungszahlen.” 

$ For every equation in this paper the form given in the text is that inHWwl by the new 
quantum mechanics, and the form according to the older quantum theory ie added in 
footnotes. The original form of this equation is 
** 33215] 

- 33180 J + H57 ”' ~ 8n ' a ~ 1250 »" + 12n "’- 
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Mulliken pointed out that the formulation of the R heads requires a large 
term in n'n", about —5 (n'+ £) due ^ lc variation with n' and n' ' 

of the interval between band-origin and head, and that the variations of the 
mutual separations of the three observed heads may be ascribed to this fact 
together with the existence of appreciable differences in the values of B for 
the different heads. 

It appears to the writer that this is not the most probable interpretation of 
the three heads observed by Datta. Table II shows the mV' arrangement of 
the mutual separations of the heads. It will be seen that the interval between 
the first and third heads increases rapidly from band to band with diminishing 
n in an n progression and with increasing w" in an n" progression, and that 
the interval between the second and third heads varies in a similar manner. 
This is known to be precisely the way in which the interval between the R 
and Q heads varies from band to band, 114 It is seen also in Table II that the 
interval between the first two heads varies in a different manner, and much 
more slowly, as compared with either of the two separations from the third 
head. From these facts it would appear that the first and second heads are 
both of the R type and the third of the Q type ; that is to say, we have (in 
the order of diminishing wave-number) in each band R a , Rj and Q heads 
(with the other Q head missing) rather than R a , Q 2 and Q x (with the other R 
head missing) as originally suggested by Mulliken. It is impossible to decide 
definitely from the existing data to which of the two R heads the observed Q 
head should be coupled, but it is probably R 2 , i.e., Q 2 is observed and Q x 
missing. 

Alternatively the argument for the present, as against the former, interpreta¬ 
tion may be stated with the help of the formulae which have been derived 
to represent approximately the three heads, namely :f 

» 33264*3 + 1161 ‘6 (n' + £) - 5*88 (»' + £)* - 1255*8 ( n " + *) 

+ 11*21 (n" + D® - 4*92 (n' + *) (n” + *); 
v Rl » 33261*5 + 1161*2 (n f + *) - 5*67(n' + £)* - 1255*9 (ft" + *) 

+ 11*50(ft" + J)* 1-5*36 (n f + $) («" + *); 
v Ql « 33226 * 3 +1172 • 6 (n* + J) - 8 * 78 (w' + J) 2 - 1265 • 6 (ft" + $) 

+ 9*12(w" + £)» 

* Bee Jevons, 4 Ray. Soo. Proc.,’ A, vol. 117, p. 361 (1928), for a general proof and for 
an illustration in the ease of 08. 

t The forms of these equations according to the older quantum mechanics are- 
* 33217*3 + 1153-3n' - 5*8 Bn'* - 1247*In" + 11 4*92»'ft"; 

33214*3 + 1153'On' — 5*07n' 3 -~ 1247*In" + ll*50n" a -~ 5*30nV'; 

** »• 33179*9 +1103*8«' - 8*78*'* - 1250* 5n" + 9*12n //fi . 



Table I.—Wave-numbers of Band-heads of Doublet System of BeF arranged in »' and n" Progressions and Sequences. 
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At) Datta gives a bead at A 3020 34, v 33009 ■ 32, which 
wonid mot fit well into the n'n" scheme. Neither in Dstts’s 
reproduction nor in the author's plates docs it appear certain 
that a head occurs here; the * in therefore omitted In this table. 
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Table II.—Separations of the Heads in the BeF Bands. 
(a) First and Third Heads (vr 9 — v Qi ). 


\ 







\n" 

0 

L 

2 

3 

4 5 

0 7 

« x 







0 

37*0 

48-3 





1 

33-7 


40*4 




*> 

29*1 

30*5 


44*7 



3 


27*0 

27*5 


43*4 

l 

4 



28*0 

24 4 

43*5 


r> 




27*5 


41-0 

6 





290 

40-2 

7 





32*8 


8 






33-8 



(b) Second and Third Heads (vji ( 

~ V Q,)- 

1 \»" 

0 

l 

2 

3 

4 5 

0 7 

! »'\ 

...^. 



___ 

. .. 


o ; 

34*0 

45*3 





i 1 

29*3 


43*5 




2 

j 24*3 

20*3 


41*9 



3 


23 * 5 

23-H 


40 1 


i 



23*8 

24*0 

40*1 


5 




24‘7 


40-0 

« 





20*4 

3o*;» 

7 , 

( 




30-2 


8 

i 





31*0 



(c) First and Second Heads (vu a - 

- VR t ). 

|\. 








0 i 

2 

3 4 

6 

0 7 8 9 

10 11 12 


40‘3 


35 * o 


n'\ 

o 

1 

2 

3 

4 

5 
0 
7 

a 

o 

10 

u 


30 3*0 1*5 

4*4 4-0 2*0 1*8 

4*8 4*2 5*1 2*8 2*1 

4*1 3*7 5*8 3*3 1 » 

4*8 2*4 3*4 1*9 

2*8 4*0 1*5 

2*0 3*7 i*4 

2*0 4*7 

2*2 


0*4 


1*2 


0*5 


1*4 


The residuals (v oba . — v,^) reach values rather grater than the limits of 
observational error, and indicate the necessity of cubic terms for more exact 
representation of the data. The term in («' +$) (tt" +to which Mulliken 
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drew attention is found to be of the same high order for the second (R x ) heads 
as for the first (R 2 ), but is unnecessary in the case of the third (Q ft ) heads. 
Types of band-structure to be expected on the assumption of (a) Mulliken’s 
and ( h ) the new interpretation are roughly indicated in the diagram ; in the 
former the interval between the R head and origin of one component band is 
only'about 3 cm." 1 , and the electronic doublet separation, Av, = Q a —* Qj, is 
of the order 35 cm." 1 , while in the present interpretation the interval between 
R head and origin is about 38 cm." 1 , and the electronic doublet separation 
Q a — Q x is of *a much smaller order, since the interval between the R 2 and 
Rj heads is about 3 cm." 1 . 



A rough indication of typoa of band-structure to be expected on the assumption of (a) 
Mull)ken’s original interpretation of Datta’s heads in the BeF bands, and (b) the 
revised interpretation now proposed. The three observed heads are indicated by 
the vertical broken lines, the missing head being H t in (a) and in (i>). 

In a table of formulae constants for the known band-systems of the 13-elec¬ 
tron molecules BeF, BO, CN, CO 4 , N 2 *, Mulliken {be. oil .) showed Datta’s 
system as the BeF analogue of the less refrangible systems of the other molecules 
the a system of BO, the red system of CN, the comet-tail system of CO* 
and an undiscovered near-infra-red system of N 2 1 ). The emission of these 
systems has been attributed by Mulliken” 1 to an electronic transition *P 
in the respective molecules. The BeF analogue of the more refrangible systems 
a S ->*8 of these emitters {i.e. t the (3 system of BO, the violet of CN, the first 
negative of CO* and of N 2 *) was shown in the same table as on undiscovered 
system in the further ultra-violet (below X 2200 ?). 


* * Phys. Rev.,’ vol, 28, p. 1222 (1926). 
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The assignment of a transition *P -* 8 S to the known BeF system still awaits 
confirmation by the rotational quantum analysis of the band-structure, which 
will, of course, also definitely settle the question as to whether the original or 
the revised interpretation of the heads is correct. Recently F. A. Jenkins* 
has undertaken the analysis with spectrograms taken under higher dispersion 
(second order of a 21-foot grating) than that employed by Datta. and has 
obtained some indication of a faint fourth head, Le., the missing Q n according 
to the new interpretation ; the interval Q 2 — Q x in the (0 S 0) band being about 
4*8 cm. hf If the transition is any other than 2 P -* 2 S or 2 S -* 2 P the observed 
small electronic interval of about l # 8 cm.”' 1 is not itself an electronic doublet 
separation between two levels, but is the difference between two larger doublet 
separations. Further reference to this interval will be made later (end of 
section 5). 

3. The J S Band-system, of BeO 

The BeO system, which was first described by VV. N. Hartley^ and measured 
later by Lecoq de Boisbaudran and A. dc Qramont§ and by L. C. Glaser,|| 
consists of four sequences of single-headed bands in the visible region degraded 
towards the red. A fifth sequence is added as a result of the present investi¬ 
gation. Glaser’s data are shown in Table III together with the values of 
n\ n' f which were assigned by Mecke.^f Glaser’s wave-lengths for the (5, 4) 
and (6, 6) band-heads differ from Lecoq and de Gramont’e by nearly 2 and 5*5 
A.U. respectively.** 

From the low dispersion spectrograms (from 14 to 12 A.U./mm. over the 
range X4500—X4200) taken in the course of the present work, it would 
appear that Lecoq and de Gramont’s estimate is the nearer in each case. Neither 
of the heads is easy to locate with certainty, but fairly concordant results have 
been obtained from the less heavily exposed plates ; in the more heavily 
exposed plates the real (5, 4) head is obscured by a mass of lines having a 
head-like edge in Glaser’s position for this head, but no head is detectable in 
any plate in the position given by Glaser for the (6, 5) head. 

* The author has been informed of this work, which is still in progress, in letters from 
Dr. Jenkins and Prof. Mulliken, 

t As roughly meatmred by thfe writer in a very beautiful print which Dr, Jenkins has 
kindly given to him. 

t 1 Phil. Trans.,* A, vot. 186, p. 161 (1894); 1 Trans. Roy. Dublin Soc.,’ vol. 7, p. 339 
<1901); 4 Roy. goo. Proc.,’ A, vol, 79, p. 242 (1907). 

§ 1 C. R.,' vol. 163, p. 318 (1911). 

|| Dissertation, Berlin, 1916; 4 Ann. Physik,’ vol. 68, p. 73 (1922). 

IP Phys.Z.,’vol. 26, p.228 (1925). 

** Kayser and Konen, * Handbuch der Spectroscopic,’ vol. 7, Pt. 1, p. 102 (1924). 
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Table III.—R Heads of *S -> , S Band-system of BeO. 


X 

1/ 

0 

1 

2 

3 

4 

5 

6 

7 

0 

(4708*67) 

21231*5 

(5054-JO) 
19780-4 

(5446*9) 

18357*3 






1 

(4427-34) 

22580-6 

(4732*66) 
21123*9 

(5075-21) 

19698-1 

(5462-7) 

18300-9 





2 

(4179*95)(u) 

23917*0 

(4451*79) 

22456*6 

(4754*40) 

21027*0 

(5094*64) 

19623*0 

(5477*0) 

18253*1 




a 


(4204*21 )(i 
23779*0 

i) (4474-09)(i) (4775-37) 
22341-7 20934-9 

(5111*97) 

19556*5 

(5481-1) 

18216-2 



4 



r(4228-in 
[23644-7 J 

(4496*47) 

22233*4 

(4795*24) 

20848*2 

CC 

»C 



5 




r(4250-3)1 
L23521-2 J 

(4517*3)(ii) (4813*04) 
22130*9 20771*1 

(5140-63) 

19447-8 


a 






(4535*5)(ii) (4827*35) 
22042*1 20709*5 

(5161-46) 
19406-6 


.Vote# to Table III . 

(i) Glaser gives A 4474*79 LA.; but it. should lie 4474*09 if his v bo assumed correct. 

(ii) Measured by the author; all the other data are Glaaer checked by means of Kayser's v ‘ Tabelle der 
Sohwingungftzahlen.' 1 

[ J Band-heads obscured by lines ; positions estimated by means of formula (p. 219). 

Four bauds of the hitherto unrecorded sequence, n" — n = — 2, have been 
recognised in the present spectrograms and are included in Table Ill. In 
the carbon arc fed with BeO, the (3, .1) band-head, which is probably the 
strongest of the new sequence, occurs between the X 4216 (0, 1) and X4197 
(1, 2) heads of the CN violet system. Under particularly favourable conditions 
(described in the following section) the CN bands are so much reduced relatively 
to the BeO system, that the (3, 1) head of the latter is easily detected and 
measured. The (2, 0) head remains hidden by the X 4181 (2, 3) band of CN ; 
it is just detectable, however, in the copper arc fed with BeO. The (4, 2) 
band is well developed in the best of the plates but its head cannot be located 
on account of its proximity to the Ca line X 4226*72, which is overwhelmingly 
strong; the (6, 3) band is also present but its head is obscured by the Fe 
lines XX 4250*134, 0*791. 
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The data for the six bands just discussed are :— 


Band, 

(»'. *")- 

i 

Glaser, 

A (I.A.). 

Loooq and 
de Gramont, 

A (LA.). 

Author. 

A (LA.). r v „,. 

(5,4) 

4515*25 

4517-2 

4517*3 

22130*9 

(6, 5) 

4530-66 

4536*1 

4535*5 

22042*1 

(2,0) 



4179*65 

23917-0 

(3,1) 

! 


4204-21 

28779-0 

(4,2) 

I 


[4228*1 

23644*7] 

(5, 3) 

I 1 


[4250-3 

23521*2] 


The figures given in brackets for the (4, 2) and (5, 3) bands here and in Table 
111 are estimated by means of a formula approximately representing the whole 
system*:— 

v ll(w , - 21287*0 + 13G4*2 (n f + D - 5*90(»' + |) 2 - 1479*1 (n" + |) 

+ 15*22 (n“ + 4) 2 - 5*24 (n + $) (n" + 

For the strong blue sequence (n" — n f = 0) Glaser measured the wave¬ 
lengths of the band-lines in the second order of the 10-foot concave grating at 
the Imperial College, the dispersion being about 2*56 A./mm. Very recently 
Miss J. E. Rosenthal and F. A. Jenkinsf have carried out the rotational 
quantum analysis of the bands of the three prominent sequences, n " — n' *= 
4* 1, 0 and — I, with plates of still higher dispersion (first and second orders 
of a 21-foot grating). They find that each band consists of a single P and a 
single R branch with only one missing line and no Q branch ; the system is due 
to an electronic transition the final state being probably the normal 

state of the BeO molecule. 

4. New Bands of Beryllium Oxide or Fluoride . 

The spectra given by the flame surrounding the arc between carbon poles 
fed with several beryllium salts were examined under varying conditions 
by means of a Littrow quartz prism spectrograph giving dispersions of 

* Older quantum theory form- 

v h(fat , « 21230*6 + 1356*7»' - 5*90n'* - 1466 bn" + 15*22 n"*-&-24n'n". 

This formula, though not entirely satisfactory, leaves smaller and more widely distributed 
residuals (Vw. *- »Wr.) than that given by Me eke (lac. cit .), neglecting the large term in 
the w V', namely:— 

* hea ,i - 21231*6+ 1354a'- 8*9n' 2 - 146*)*" + 12*7n"». 

t 1 Phya. Rev.,* vol. 31, p. 705, abs. 2 (1028). 
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14-0 - 12*0 A.U./mm. at X4500 - X4200, and 5*9 - 4*0 A.U./mm. at 
X3500 - >3000. 

With BeF,, it was observed that, for a few minutes after freshly charging or 
recharging the positive pole with the salt, the arc was surrounded by a yellow 7 
flame, due, no doubt, to the abundance of sodium salts m impurities in the 
BeF a or the carbons or both. Subsequently, however, a bright blue flame 
appeared, the most favourable conditions being a relatively large current, 
say 10 to 12 amperes, and a large residue of the salt already added in several 
charges and used for the yellow-flame stage ; the arc* was comparatively 
quiet in the yellow-flame condition, but inclined to splutter in the blue-flame 
condition. 

The yellow 7 -flame showed the band-systems of both BeO and ReF, the latter 
being especially well developed. The outer part of the blue-flame, on the other 
hand, showed the visible BeO system very much more strongly developed (the 
blue colour is mainly accounted for by the 0 sequence of this system), the ReF 
Bystem very much reduced in intensity, and the region between the CN X 3590 
sequence and the 0 sequence of the BeF system now' occupied by an entirely 
different set of bands, which, like the BeF bands, are also degraded towards 
the red. Other Be salts tried (BeCU, BeO, Be(N0 3 ) 2 ) all gave results similar 
to those observed with BcF 2 , the occurrence of the BeF system in the yellow- 
flame stage being probably accounted for by the presence of fluoride impurities 
in the salts and the carbons. BeO was found to be especially useful on account 
of the fact that although the BeF system given by the yellow-flame arc was 
never quite free from traces of the new bands, yet it was possible after a little 
experience to obtain the blue-flame stage under such conditions that it showed 
the BeO visible system and the new ultra-violet bands with hardly a trace of 
the BeF bands. The new bands were observed under the conditions described, 
both with carbons supplied commercially for ordinary use in projection lanterns 
and with Acheson graphite rods ; and none of the bands was ever observed in 
the absence of the added Be salt. 

Although the new bands extend over a region of more than 500 A.U., com¬ 
paratively few well-marked heads occur. Table IV contains the data for the 
heads, and features which resemble heads, measured in several plates; the 
Fe lines occurring in the blue arc-flame itself were used as standards for the 
wave-lengths measurements in order to eliminate errors due to possible shifts. 
The spectrograms from which Plate 8 was made were obtained with BeO. 
Reproductions la and 2a are of the yellow-flame stage showing the 0, +1 and 
+2 sequences of BeF with a faint trace (in the original photograph) of the 
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strongest of the new bands near X 3371, while reproductions 16 and 26 are of 
the blue-flame stage, showing only the new bands (in the original negative it 
is just possible to detect the head of the BeF (0, 0) band at X 3009-6). The 
X 3590 sequence of CN bands and lines of Fe, Al, Be, Na and Cu occur as 
impurities in both conditions, (a) and (6). 

Plate 8 shows that while the new bands do not form a number of regular 
sequences such as characterise the known band-systems of diatomic emitters, 
they occur in separate groups not wholly unlike those sequences. Three such 
groups occur respectively in the regions of the 0, ~f“l> and -f-2 sequences of 
the BeF system ; the second group is characterised by a well-marked (apparently 
triple) head near X3134, and the third has definite heads at XX 3258-2 and 
3269 -1, On casual inspection it might appear that, while the (0, 1) band 
X 3126-1 of BeF is absent in reproduction 26, the neighbouring (1, 2) band 
X 3133*7 is strongly developed but modified in intensity distribution. This, 
however, is not the case ; not only does the head X 3133*8 in reproduction 26 
differ in wave-length by 0-1A.IL from the BeF head, but the two differ 
markedly in appearance when examined under high magnification. Another 
new group with heads at and near X 3504 runs into the CN X 3590 sequence. 
The strongest group of the new bands has exceedingly well-marked heads at 
XX 3371*1 and 3363*7, weaker but unmistakable heads at XX 3359*4 and 
3357*2, and probable but less certain heads at XX3378*3, 3361*9, etc. This 
group covers the region occupied by the seven bands of Datta's group E<* 
which, as already mentioned (p. 212), were “ not arranged in series/ 5 namely, 
XX 3392*59, 3378*03, 3371*26, 3363*67, 3361*56, 3349*93, 3344*12. If 
allowance be made for the fact that Datta's measurements and the author's 
were made under entirely different conditions (e.g., Datta’s on plates showing 
the BeF system strongly, and the author's on plates with this system almost 
absent), the approximate coincidence of four wave-lengths in Datta's list with 
four in the present observations may perhaps be regarded as evidence for the 
identity of the groups. It appears, then, that the bands of Datta's group E 6 
belong not to the BeF system, but to the “ new ” bands. Apart from this 
group, no bands listed by Datta occur in Table IV; only in two instances 
(XX 3133*81 and 2930*05) does a wave-length given here approach as closely 
as 0*1 A.U. to one of Datta's. 
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Table IV.—Hoads of New Bands of Beryllium Oxide or Fluoride. (Degraded 

towards the rod.) 


Int. 

Ajiir- 

Fmc- 

Notes. 

j lilt. 

! 

A*ir* 

! V\nr. 

Not**. 

3 

3514*69 

28443*9 

d 

1 

4 

3269-09 

30580*8 

. 

4 

12-00 

405*7 

d 

! « 

58-16 

683-3 

a 

4 

08*66 

492*8 

d 

. 2 

49*66 

763-6 

c 

5 

04*54 

526*3 

a 

i 



iii 

5 

00*76 

557*1 

b 

j 2 

36*19 

891*6 

d i 

4 

3498-80 

573*1 

b 

1 2 

23*22 

31015*9 

b 

4 

95*10 

603*3 

b i 

3 

02*18 

219-7 

b 

1 

86*90 

670*6 

r 

o 

3145*62 

781 1 

b 

3 

64*30 

857*6 

c 

! 5 

34*90 

889*7 

b 

3 

39-23 

29068*0 

c 

5 

34*34 

895*4 

* 

4» 

27-86 

f 164*4 

d 

! 6 

33*81 

900*8 

a 

5« 

13-89 j 

1 284*0 

d 

; 5 

3077*97 

| 32479*5 

d 

5 

3378-34 

591*9 

c ii 1 

! 4 

52*4 | 

752 ! 

d iv 

4 

| 70-47 

! 608*3 

d \ 

4 

i 38*97 

896*3 

d 

8 

71-11 

| 655*3 

a ii j 

2 

| 28*97 

33004*9 

d 

3 

07-42 

687*8 

c 

j 2 

2975*35 

611*0 

d 

2 i 

64-46 

713*9 

i 

C 

1 0 

68*26 

680*0 

d 

8 

63-73 

720-4 

Or ii 

; i 

1 65*88 

707*0 

d 

2 

61-86 

736*9 

b ii 

1 0 i 

i 51*39 

872*5 

d 

4 

69-39 

758*8 

a 

j 2 

j 30*05 

| 34119*1 

c 

4 

67-20 

! 778*2 

a 

! l 

23*04 

1 201*0 

\ C 

3 

3280-95 

i 

30470*2 

c 

i » 

i 

10*79 

: 

344*9 

c 

■ 


Notes to Table IV. 

The character of the band-heads is indicated by the letters in italics :—a, certain; 6, fairly 
certain ; c, probable ; d, possible but somewhat doubtful. 

i. Confused by a lino. 

ii. These four heads may be identical with four in Datta’s group namely, A A 3378 *03, 
3371*36, 3363*07, 3361*56. 

iii. A probablo band-head not listed is obscured by the strong Cu line A 3247 *55, v 30783 *6. 

iv. There is certainly a band about here, but its head may not be located correctly. 


The distribution of the new bands is far less regular than that of any bands 
which have been attributed to a diatomic molecule; and it has not been 
possible to assign n\ n" values. The observations do not settle the question 
of the emitting molecule ; it is evidently an oxide or a fluoride of beryllium, 
BeO or other oxide being suggested by the strong development of the bands 
under the same conditions as the 1 8 *S system of BeO, and BeF 2 being possible 
in view of the known presence of fluorides in the salts and the carbons used. 

No bands attributable to BeCl and no further bands of BeF have been 
detected. 
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5. The Doublet Band-system, o/MgF. 

The MgF band-system was discovered by 0. M. Olmsted* and more completely 
observed by S, Dattaf who recorded data (dispersion 2-75 A./mm.) for a large 
number of heads, to which n\ n" values were subsequently assigned by R. 
Mecke,J The system lies in the region X 3086—X 3468, and consists of three 
sequences of bands degraded towards the further ultra-violet. As in the 
case of the BeF system, Datta observed three heads in many of the bands and 
either two or one in others. As far as the present writer is aware the significance 
of Datta's band-heads of MgF has never been adequately discussed ; but 
Mecke has given the electronic doublet interval Av« as 22 cm.*™ 1 , and has 
represented one head of each band by the formula : — 

v = 27810-8 + 717-3 («' + l) - 3*80 (n' -f Jf - G87-8 (w" + 4) 

+ 3-70 + 

The heads in question, however, require for their more exact formulation 
a term in ri n", which is neglected in this formula but is of the order 
— 1 *7 (n' + J-) {n" + £); it is therefore evident that they are P-branch heads. 

This doublet band-system of MgF appears to be analogous with those of BO 
(ot system), CN (red system), and CO 1 (comet-tail system), each of which is 
due to an electronic transition 2 P 2 8. In the absence of a rotational quantum 
analysis of the MgF band-structure, which is very close and will require very 
high dispersion, this analogy affords the only evidence for the transition 
2 P ->*S. 

According to Birge’s recent tablcsjl the visible doublet systems of the alkaline 
earth fluorides CaF, SrF, BaF are also due to 2 P -* 2 S transitions. Mecke has 
included five systems, BeF, MgF, CaF, SrF and BaF, in a tabled showing a 
steady decrease in each of the vibrational enorgy coefficients for the initial 
and final states as the number of electrons in the molecule increases; these 
coefficients for BeF are so little altered (apart from the use of the new 
mechanics form of the equations) in the present paper that it is needless to 

* ‘ Z. Wiss. Phot.,* vol. 4, p. 364 (1906). 

t * Boy. Soo. Proc.; A, vol. 99, p. 436 (3921). 

;£ Mecke, * Z, Physik,’ vol. 42, p. 412 (1927); also Mecke and Guillery, ‘Phys. Z„* 
vol. 28, p. 616 (1927), 

§ The old quantum theory form is 

p « 27826-6 + 713*5* ~ 3-80^--684-1»"-f 3*70n'' a . 

|| * Constants of Diatomic Molecules derived from Band Spectra Data,’ International 
Critical Tables. The writer is indebted to Prof, Birge for the use of n MS. copy of these 
tables, including all band-systems analysed up to March, 1928. 

K Mecke’s Table 10, p. 412 ; Mecke and Guillory's Table X, p, 616. 
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repeat the table hero. In another table* Mecke .shows the steady increase of 
the origin separations Av* with the number of electrons in the molecules MgF 
to BaF. Inserting the new value now proposed for BeF we have :— 

BeF. MgF. CaF. SrF. BaF. 

Number of electrons . 13 21 29 45 05 

Approximate separation Av e 4*8 22 74 280 000 

The significance of the regular increase exhibited is not apparent ns, in the 
absence of analyses of the band-struct ures, it is not yet certain that all these 
systems are due to similar electronic transitions in the respective molecules. 

0. A New Band-system of MgF. 

The flame surrounding the arc between carbon poles fed with MgF 2 was 
examined with the Littrow quartz spectrograph, the current being about 
10 amperes, as in the case of the corresponding observations (sect ion 4) with 
BeF a . The spectrum contained, in addition to the MgF band-system already 
described by Olmsted and bv D&tta, another, more refrangible, system of 
three sequences of bands degraded to the further ultra-violet from heads at 
XX 2741*6, 2689*3, and 2636*4 respectively, the middle sequence being the 
strongest. No record of the latter system could be found in any publication 
accessible to the writer. Reproduction 3 in Plate 8 shows the new system, 
together with lines of Al, Pb and Fe, as developed in the above source ; Mg 
lines are, of course, strongly developed, but none occur in the range reproduced. 

The heads appear single under the dispersion used, which is from 3*22 to 
2*81 A./mm. over the range X 2740- X 2630, i.e., almost an big as that used 
by D&tta for the BeF and MgF heads. The wave-lengths and wave-uumbers 
obtained for the heads are arranged in n and n " progressions and sequences 
in Table V. The data are closely represented by : —f 

vphead = 37151*7 + 757*8 (n' + }) - 6*24 (»' + £) 2 - 715*8 (*" + £) 

+ 3*32 (n" + J) 3 +1-68 (»' + *)(«" + J). 

The term in n'n" is definitely necessary, as is expected for P-branch heads. 

The distribution of the bands in a 0 sequence with weaker -fl and —1 
sequences only is in theoretical accordance with the very small decrease in 
vibrational frequency indicated by this formula, and with the correspondingly 

* Mecke’s Table 15, p. 418 ; also Mecke and Guillory, p. 485. 

f Older quantum theory form :— 

I'Phoui = 37172*4 -f 752*4 n' .6*24 n' 2 — 7U*0?i" -f 3*32 n" % + l*08nV'. 




Table V.—P Heads of New Band-system of MgF. (X^ (I.A.) in italics.) 
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c Confused with Fe line in arc-flame. 








email increase in moment of inertia which it accompanies. Theemitter is 
dearly ^atomic, and must be MgF or MgF + , since tbe system <»uld not be 
detected in plates taken with the other alkaline earth fluorides Replacing, the 


MgF a in the arc in air, or with MgO, MgCl 8 or metallic Mg.. 

Comparing the above formula with the approximate one quoted in section 5 
(p. 223) for the previously known system of MgF, it will appear that, although 
the vibrational frequency in the final state for the new system is of the same 
order as that in the initial state of the older system, the difference between 
them is beyond the limits of observational error, and the two systems have no 
state in common. If, however, for both systems band-origin data were 
available instead of P-head coefficients only, it is possible that the two systems 
would be found to have the 2 P state of *the doublet system *P -*■ a S in common. 
While higher dispersion may be desirable in order to confirm the abaenoe of 
other heads in the new bands, the apparently single nature of the P heads and 
the non-detection of the Q heads with the considerable dispersion employed 
appears to exclude a S S-+ 2 P transition and suggests a transition between two 
like states, e.g., *P -*-*P. The normal stjate of MgF is probably *S (the final 
state for the doublet system). 

The present spectrograms of the new system show no evidence of the 
vibrational Mg-isotope effect. The line structure of the new bands is partially 
resolved, but considerably higher dispersion is necessary for the rotational 
quantum analysis of the new as well as of the older bands. 


DESCRIPTION OF PLATE 8. 

Figs. I and 2.—BeO in oarbon arc in air: (a) Outer flame, yellow stage showing three 
sequences of the BeF band-system described in section 2 ; (b) outer flame, blue stago 
showing the new bands (oxide or fluoride, BeF, ?) described in section 4; the wave¬ 
lengths of some of the heads of the new bands are given. 

Lines of Fe, Be, Na, Cu and A1 and the X 3600 sequence of CN bands are common 
to (a) and (6). 

Fig, 3.—MgF, in carbon arc in air: outer flame showing the new band-system of MgF 
described in section 0, and lines of Fe, A1 and Pb. None of the strong Mg lines 
developed occur in tbe small range of wave-lengths In this reproduction. 

Lines of Fe are indicated by dots, and those of other metals by ohemical symbols. 


7.. Summary. 

The vibrational analysis of the band-head data for the BeF doublet ayatem 
lpads to tbe following interpretation of the heads in each band, thoee in 




























Band Systems of Fluorides of Beryllium and Magnesium. 227 

brackets not having yet been detected: R fi , R*» Q 8 , (Q x ) with a doublet 
separation of the order R 8 — R x » 3 cm." 1 , rather than R 2 , Q a , (R^, Q x 
with a separation Q a ~~ Qi ~ 35 cm." 1 as hitherto assumed ; see diagram on 
p. 216. With this interpretation there is now a continuous increase of the 
separation of the system-origins of the doublet systems of the alkaline earth 
fluorides from BeF to BaF, though its significance is not apparent as it is not 
yet certain that all these systems are due to analogous electronic transitions, 
e.g. t 2 P ~* 2 S. 

With BeO in the carbon arc in aix conditions may be so arranged as to 
obtain in the outer flame either (a) the BeF system strong with the BeO system 
relatively weak, or ( b ) the BeO system strong with hardly a trace of the BeF 
system. In condition (b) the ultra-violet region X 3500-X 2900 (where the 
BeF system would occur if developed) is occupied by a new set of bands, which, 
like the BeF and BeO bands, are degraded towards the red. A similar result 
is obtained, though less satisfactorily, with other Be salts instead of BeO. 
The new bands are less regularly distributed than any bands of diatomic 
molecules, and are due either to BeF 2 or to an oxide of beryllium. No bands 
due to BeCl and no further bands of BeF have been found. 

The data for the BeO band-system are extended by the recognition of a violet 
sequence n" — ri ~~ — 2, not hitherto observed on account of the X 4216 
sequence of CN and strong metallic lines. 

With MgF 2 in the carbon arc in air the outer flame develops, in addition to 
the MgF doublet system, a new ultra-violet system of three sequences of 
apparently single-headed bands degraded to the further ultra-violet. P-head 
data and n" values are given for the new system, which is due also to 
MgF, and may have for its final state the initial state for the doublet system. 
If 2 P -» 2 S be assumed for the doublet system the new system may be 2 P -*■ 2 P. 

The author has pleasure in thanking the Government Grant Committee of 
the Royal Society for the Hilger micrometer and the quartz prism and lens of 
the Littrow spectrograph used, and Prof. A. Fowler for a very helpful dis¬ 
cussion of some questions raised in the course of this sequel to investiga¬ 
tions carried out in his laboratory by Dr. L. C. Glaser and Dr. S. Datta. 
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The Tides in Oceans on a Rotating Globe.—Part II. 

By Prof. G. R. Goldsbrouoh, D.Sc., Armstrong College, Newcastle-on-Tyne. 

(Communicated by T. H. Havelock, F.R.S.-—Received September 21, 1928.) 


Introduction. 

§ 1. The method used in the previous paper* finds a ready application to 
certain cases of tidal waves in flat rotating seas. The first part of this paper 
discusses the case of a semi-circular basin in which the law of depth is A 0 (l—r*/o f ) 
so that the bottom shelves from the centre to the circumferential edge. Com¬ 
plete results are given for a certain depth and the positions of the rotating 
nodal line, corresponding to the lowest normal mode, are shown in a diagram. 
The solution is expressed in terms of a certain type of hypergeometric function. 

It is further shown that, by an extension of the same method, it is possible 
to solve the case of a sectorial basin of any angle with the same law of depth. 

The process is also applied to the semi-circular basin of uniform depth. 
This problem has been completely solved by Froudmau.t Proudraan’s method 
is shorter, but the present solution is worth including because of its analytical 
interest, though it has not been considered necessary to complete it. 


The Cane of a Plane Rotating Semi-Circular Basin of Variable Depth 
§ 2. Consider a plane semi-circular sheet of water rotating with angular 
velocity o). In the usual notation^ the equations for the tidal vibrations 
expressed in polar co-ordinates are, on the removal of the usual time factor 




R „-_JL 




21 to 8C\ 
err $0 ’ 


a 2 *— 4g) 2 \0r 

0 _22_/2w 3£ _ i 3C\ 

c® — 4<*> 2 \ ct 5r r 50/ 

_ v = a (hrli) d (ft®) 
rdr rb 0 * 


(1) 


We shall choose, as the law of depth, h = h 0 (l — r*ja 2 ) representing a 
basin of radius a deepest at the centre and shelving towards the circumference. 

* * Roy. Soo. Proc.,’ A, vol. 117, p. 692 (1928). 
t ‘ M.N.R.A.S.,* Geophysical Suppl., vol. 1, p. 360 ; vol. 2, p. 32. 

X Lamb, ‘ Hydrodynamics,* 4th ed., p. 311. 
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C-0. (2) 


If we substitute this value for h in (1) and eliminate R and 0 we find the 
equation 

/ i — , i aj: , i_ _ 2 / 05 _ 2 ua aq , ^- 4 ^ 

\ a 2 / \3r 2 r 3r r 2 00 2 / a # \3r c 50/ gh Q 

It is convenient to reduce the equations by putting 

2 1 o 2 (cr 2 — 4to 2 ) a 8 
p = r*/a*, k 2 = ^-r—*■—, 

o 

thus (2) and the second of equations (1) become 

4p(1 _ rt « + 4(1 _ 2p) | + iff g + ^ + lf |5 = , w 


0 = 


ig / 4co a$ i ac\ 
a 2 — 4co 2 \ c 3p p 0G * 


(3ii) 


Now assume £ oc where « is real but for the present unrestricted. 
Equation (3i) then becomes 

4 P (1 — p) + 4 (1 — 2p)^ — ~ . ?) s S -f — 4a>«/<j) £ — 0. (4) 

ap 2 «p p 


This equation has a solution in the form of a power series in p beginning with 
the term p* /2 . This series is convergent for values of p < 1, but is divergent 
when p = 1. For special values of k 2 — 4cos/rr, however, the series ter¬ 
minates, and hence is available over the range 0 <! p 1. These special 
values, however, amount to a determination of either a or s , and neither choice 
is convenient at this stage. 

In (4) put £ — p* /2 X, and we then have 

p (1 - p) X" + {(.v + 1 )-~p(s + 2)} X' + i (ac 2 -2« —4 m/a) X = 0. (5) 
Now consider a similar equation 

p (1 - p)X" + {(s + 1) — p(« + 2)} X' + u (u + s + 1)X « 0 (6) 


This equation is satisfied by 

X = X; - F (s + n + 1, *4-1, p). 


where F is the hypergeometric function. 

Further, the series for F is not convergent for p = 1, but when n is a positive 
integer it terminates. X£ is then a solution of (6) valid over the range 
0 < p < 1 for all positive values of 9 provided n is a positive integer. 

§ 3. The functions X* n are a particular case of certain functions of the 
form F(oc + w. — n, y, x) which have been studied at length by Darboux.* 

♦ ‘ J, dee Math./ vol. 3, p. 377 (1878); see also Oourant und Hilbert , 1 Methoden der 
Mathematischen Physik/ vol. 1, p. 74. 
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By putting y — a = s + 1 in his results, we may deduce the corresponding 
results for the functions X£. We have, then, the following : 

Xi =« F (s + n + 1, — 71, s -f 1, p) 

= (»+i)(*+V--(»+#)s? {p * (1 ~ p)BJ ' (7) 

From (5) it may bo quickly deduced that 

| XJ rfp = 0, if m ^ n, and s + 1 > 0. (8) 

And from (5) with the aid of (7), it follows that 

f 1 p* (x*j* d P = El fe - i: . 1 ) r 2 (« + i) 

Jo * + In + 1 1 2 {s + n -f 1) * W 

From (8) and (9) it is evident that the sequence of functions X£ (n any integer) 
may, oil dividing each term by a suitable factor, be made a normal sequence. 

Darboux has further shown that under suitable restrictions any arbitrarv 
function of p may be expanded in a series, valid from p = 0 to p « 1, of the 
form, 

/(P) «SAiX-(p), 

where 

Ai— f'p7(p)X‘( P ) dp ~ + (10 ) 

In particular, p p can be expanded in this way for any positive value of p, 
and for any negative value of p provided that \p\<s/2+ In the special 
case where p is a positive integer, the series is finite. Applying the formula 
(10) we find, subject to the condition stated, 

p” = £ Aix;, 

ft 

A* « (_i)'> g.0 , - 1 )-(P -n+D rii+n + 1 ) r(p4-s + l)(2n + «4-ll 
n! r(s + l) r(s + n-(-p + 2 ) 

( 11 ) 

From the form of the equation (4) which is that requiring solution, it is 
evident that the functions appearing will not be XJ, but p*' 2 XJ. Multiplying 
the series in (11) by p ,/J , we have 


p'-saip^x;, 


where v — p + s/2. 


( 12 ) 
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If (v — s/2) is positive, the expansion (12) is valid, from what has gone before. 
Let v — s/2 be negative and equal to — q. Then q < s/2 -f- f, for the expansion 
to be valid. Put q = s/2 -f- f — e, where e is positive. Then we must have 
v — s/2 — — s/2 — f + e, or v = e — f. Hence the expansion in (12) mil 
hold for all values of v greater than — £.* 

It is of some interest to write out the forms of the earlier of functions XJ. 
They are 


xs 

x; 

xs 


i, 

i - 


x; - i 


'l\s + 2 

,i)rrr P 


s + 1 

2 ) £±S +(' 2) (l±il (f+j) 0 2 

1/ s+ 1 P +2+ + 1) (s + 2) p ’ 


+ 

3 \ 3 

i'hT 


'(s+l) (s + 2) 

3 , ( 3\ (s + 4)(s + r» o 

1 p ~\2/(s-j-l)(s4-2) p 


3\ (s + 4)(s + 5)(s+ 6) , 
'»■/(*+ !)(«■' +2) (s + 3) P ‘ 


X’> = 1 + 2 (—l) r p r ( ) 


W\ (x -j~ H -j- 1) (■? ~j~ ^ 2) ... ($ • 71 “J~ T ) 


\f / (.S’ + 1) ($ + 2) ... ($ + r ) 

It is also to be noted that the coefficient A* in the expansion of p v(% as given 


in (12) may be written in the form 


Ki (v) — (—1)“ ■ 


i 


- (2 n + * + 1) 


r(» + « + i)r(i±i+i) 

X- w - (13) 

r(s + i)r(i±*fn + 2) 

§ 4. We can now proceed to form the requisite nul) functions, following the 
method of the previous paper,f 
In the range 0 < 0 < iz, we have the expansion 

sin 50 — I—- cos »0, 

7T n 5* — 7T 


where s = 1, 2, 3, ..., s — n is odd, and when n = 0, 8 being odd, the 
coefficient is 2/sn. 

The expansion may be written 

e* - e-* - — S -v-^—, (e cHf + e~‘ H> ) = 0. (14) 

Throughout it is assumed, as already stated, that 5+1 >0. 
f Loo. c p. 702. 
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Hence taking arbitrary multipliers E„ we have 

S E, j (&•* - e-’ 9 )-—£ —i— (e lB9 + e—*)) = 0, (14') 

9 V K n 8* — n z I 

for all values of 6 in the range. 

Now multiply through in (14) by p ,/8 , replacing it in the latter terms by 
S A? (5) X” as derived from (13).* On summing again as in (14') we have 


£'E,i j p'' 2 («•" - e-*) - — £ ~~ (e ,nf + e—•) . p B/ * £ A? («) X:} = 0,(15) 

> I tc * —* n * r / 

for 0 < 0 < 7r and 0 <! p < J. 

The operator of the left member of equation (3) is 

If we apply this operator to a typical term of (15), such as p*'* X* e'" M , the 
result is 

{k 2 — 4om/<T — 2n — 4v(» + v+ 1)}p* /2 X^e*«* ; (16) 


while the operation upon p"' 2 X“c i ’"' gives the result 

{k 2 + 4 cow/® — 2n - 4v (» + v + l)}c B/2 X?e -< “ 9 . 


07) 


We now take 

S-sifi, 


p»/ a 


p * 1 ' 2 c ~‘* 9 


k® —• 4<os/c — 2.s k 2 -j- 4cos/c — 2» 
4®iv i v, i p" / ®a;(s)x;?c w9 




: £ 


it ■ s 2 — a 2 l*® — 4con/a — 2« — 4v (» + v + D 

p n2 Al‘ (sWe- "* 


k® + 4 w«/a — 2n — 4v (» -f- v + 1) 


( 18 ) 


On substituting this value of £ in the left member of (3i), the result, by (16) 
and (17), is 

£ E, | p’ /2 (e“ 9 - e~ “*) - — £ —i—, (e 1 * 9 + e~"«) p B/2 £ A? («) X? }, 

#1 7T n S 2 — ft 2 J 

and this by (15) is zero. 

The expression in (18) then satisfies (3i) for all valueB of E*; the cofaotor 


* The parameter a in ia indicated to show the derivation of the coefficient. 




Tides in Oceans on a Rotating Globe * 


238 


of each E is convergent throughout the area of the semi-circle and finite in 
value at the boundary p — 1; and there is an infinite number of undetermined 
constants E which can be chosen so as to satisfy the one remaining condition, 
i.e., the condition that the velocity across the boundaries G = 0, n is zero. 
It therefore is the required form of solution for the problem in hand. 

§ 5. The following table gives the values of the coefficients A? ( 5 ) for various 
values of the arguments, the numbers of terms in each series being enough 
for our purpose 



n = 0. 

n =s= 2 . 

n = 

4. 

«-l. K 

2 

3 

0 

6 

10 

7 


A? 

2 

0 

10 



z 

7 

3 


A« 


1 

460 



~ *JT 

iT 

If 



a 

20 

360 


A3 


77 

39 



n — 0. 

n = 2. 

n — 

4. 

* = 3. A® 

p 

0 

7 

10 

9 


A’,' 

18 

to 

80 



35 

“ 21 

99 


AJ 

2 

_ 4 

100 



:;i 

33 

143 


A» 

2 

16 

280 



i«r> 

143 

429 



n sss 1. 

n « 3. 

n = 

5. 

AS 

4 

8 

4 

3 


A" 

_ ut 

10 

32 



36 

21 

n 


A 5 

4 

100 

700 



“ 3?> 

231 

143 


AS 


2000 

3130 



J153 

3003 

2145 


s 4 1 . AS 

i 

7 

8 

9 

12 

n 


A? 

10 

- io 

90 



21 

“ 33 

148 


A r ! 

12 

100 

308 



77 

" 1287 

148 


A B 

«4 

80 

1344 



3003 

“ ®7 

5551 


The condition that determines the quantities £ is that © = 0 when 0 — 0, tc. 

From (8ii) this requires that 1 

/4(o d 

\ a * ^ Sp 

~ * 0 at 0 

= o, 

n. Patting 
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/ = <j/2u we have 

/?P A _ t JL) r 

if dp 00/^ 


= SE, 


(j+l)sp'/ 2 e M ii 


L 


1 i sp* / ' e~ 


il .. 

k* — 2s j f — 2s «r 2 + 2s// — 2s 




e tn *. A? (,s) 


7C 


n 2 I ^ k 2 — 2 njf — 2n — 4v (n -|- v —H 1) 


Zip 


»/2 


(■4 + 1 ) + s (- ir p ,+n/2 +«) C r 


f ' */ 7 v r \ / 

(w -j- v -j- 1)... (v + w + r) \ 
(»i -f-1)... (n + r) / 
e-‘ w Ar(s) _ 


,i- k 2 -f- 2»// — 2w — 4v (» + v 1) 

(»P U 2 ( j- 1) + 2 (~ l) r P r l u ' 2 - »)(*) 


f 

(w -f v + 1) ••• (w + v + t] 
(n + 1)... (n + r) 


*)} 


:XE # 


y + (y- J >.sp" 2 <T tlfl 

i< 2 — 2^// — 2s ica + 2^/— 2s 


1 


4,<a, 

7 t f s z — n 2 " 

4st v I 


n t*» 


P n,J SB;(») ?■' 


. C -‘"V 2 EB7’ , (*) P" 


(19) 


where the coefficients B? (s) and B„ * (s) can be determined from the series 
quoted.* For example 

B* (si — n I J_ 4- 1) / _ ( s ) _ l ._ (*) _ 

0 \f ' l/c 2 — 2 njf — 2n k 2 — 2»// — 2n — 4 (« + 2) 


+ 


AS (s) 


BJW 


1 2 *4* w , \ 

—+») 


4* 1 


k 2 — 2n// — 2w — 8 (n + 3) 

! &!«« 

Ik 2 — 2 w// — 2 « — 4 (n-{- 2 ) 


+ 




**-2»//-2n-8(n + 3)" r **-2n//-2»~12 (» + 4) ** 

* It is assumed that the re-arrangement of the series in this way is permissible. 
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BS(*) = 


fc 2 - 2 nff — 2n — 8 (n + 3) 


a±iU2±a a; ( s) i 

|_ (» + l)(» + 2) 3U , l 

**-2»i//-2»-12(n + 4) J 

and bo on. 

On equating the expression on the right of (19) to zero when 0 = 0 and when 
0 = ^ we find. 


*(7 +1 )'” 1 

Ik* -2 *// — 2s k* + 2 s// — 2s) 


i even 4 ...' f n odd i i 

- s 15 .— 2 ^-4^ p” /1! 2 [B” (s) + B,-“ («)] P 4 = 0, 

TC V l> - 71 r J 

U 2 - 2s// - 2s k 2 + 25// —-2ai 


* odd a„ / n even i \ \ 

» 2 E,Hi S p tt/ii S [B? (s) + Br w (5)] p* Uo. 

n l s 4 — n* i* ) J 

We now equate to zero coefficients of p 1/2 , p 1 , p 3/2 and have the following 
equations: 


e .{ hi cl j 

Vk* — 2// — 2 k® + 2// — 2 ’ 

- E, • [Bo (2) + B 0 -‘ (2)] - E, ^ 


x 4rzT* [Bi(4) + Bir,(4)] -“° 


J 3 (/ +1 .) !io } 

U «- 6//-6 K * + 6 //- 6 i 
E, { 2 ^4 CBg (2) + Bo- (2)] + ^jtBi (2) + Bf l (2)]} 
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e,{ 2 JM Jihi.} 

L* - 4 // - 4 k* + 4// - V ? ,(21) 

BS^ + ^JBSd) + B 0 -*(l)]] 

-E 3 ^{Ib?(3) + ^~[B*(3) + B 0 - 2 (3)]} ... - 0, 

E « | 4 ^ +1 ^ _ th— I 

Ik*-8 /f-8 k* -f- 8// — 8- 

— E/j {i B? (1) + (1) + B-; (1)] 

+ p~p tB “ (1) + ®»* (1)] j 

-E s ^ ji B§(3) + ^~[Bif(3) + Bf 2 (3)] 

+ 3 TZ7 8 f B 5( 3 ) + B o“(3)] j - =° 

The eliminaut of the E’k in (21) will give an equation which will determine 
the period of the free normal modes of oscillation, 2tc/c. In order to proceed 
to numerical values we must take a value for the depth. The mean depth, 
in the case of a basin such as we have prescribed, is one-half of the maximum 
depth A 0 . Now 

k* sa= (a \— 4m*) a?jgh 0 = (/ 2 — 1) 4co 2 a 2 /^ 0 = (/* — 1) 4o* fl* sin a X/grA 0 

where Q is the earth’s angular velocity and X is the latitude of the basin. 
The dimensions of the basin are supposed to be such that the variation in X 
may bo neglected. For the Black Sea,* 4a* 12* sin* X/<?ft 0 «=■0-112, and we 
shall use this iigure to determine the lowest free period of oscillation of a semi¬ 
circular basin comparable with the Black Sea and for which the law of depth 
is that chosen here. 

§ 6. The first few rows and columns of the determinant of (21) are 

$11' $12, $13> 

$21* $22) $28> 

®31> $32» $38' 

* Proudman, ‘ M.N.R.A.S.,* Geophysical suppl., vol. If, p. 42. 
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0-112 (/— 1) — 2//~~ -0-112 (f+ l)+2//' 

^ = 25 : = / f* [Bi(2) + Bo ” 1(2)] ’ 


Ois = 0, 


<h 21 = i [b? (1) + (1) + B 0 -* (1)]}, 


= -*--ue-. 

“ 2 0-112 (/— 1)-4// -0*112 (/+ l) + 4// 

0*8 = ~ {IB? (3) + --^ a [®o (3) + B 0 " 2 (3)]}, 

0 M = 0, 

4,32 = ~ 2 ^ [Bi5(2) + B °~ 3 (2)] ~ 2 ^ LBi (2) + BfI (2)L 
o 83 = _ *1L __. 

0-112(/— 1) — 6// —0112 (/-hi) -h 6// 

If we take the first term only, the value off to make it vanish is 4-22. 

Next consider two rows and columns, using/= 4-22 in all but the first term. 
We find 


BJ(2) = — 1-640, B~o(2) = — 1-717, B? (1) —■ — 0 0798, 

Bo(l) = — 1138, B~# (1) = — 0-337. 

Hence 

7 ( o -112 (/- 1) — 2//~ -0-112 (/+ 1) + 2//} * + °‘ 454, 

and the value of / derived from this is 4-17. Taking now three rows and 
columns, and evaluating the new terms using/ =4-17, we find 

Bg (2) = - 0-946, Bj -8 (2) = 1-086, B} (2) = - 0-130, 

Bf 1 (2) = 0-023, B? (3) = - 0-066, B§ (3) = - 0-611, 

B 0 -*(3)= 1-040. 


From these 

If - 1 _1_}_ 0-461 

/ lO-112 (/— 1) — 2// - 0-112 (/+l) + 2//J UW1 - 

This gives again / =4-17. 

We may regard 4-17 as a close approximation to the value of the lowest 
root of the determinant. This value is near to 3-87, the value found by 
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Proudman for the corresponding case with uniform depth the same as the 
mean depth of this case. 

Leaving E x arbitrary, and using the value of / just found, we may calculate 
the remaining coefficients E. They are 

E a « 0-162 E,t, 

E„ =» — 0-018 E„ 

E 4 = 0-002 Ei*. 

Finally, on substituting these values and reducing, we have the complete 
value of £, less an arbitrary factor, in the form 

£r"' T = p^V {— 1-683 + 0-0052 XJ + 0-0005XJ +0-0001 XJ...} 

+ 2-965 + 0-0055 Xf + 0-0005X| + 0-0001 X.J ...} 

+ pftV* {0 • 020 + 0 • 0024 X? + 0 • 0011 X| + 0 • 0006 X? . . .} 

+ p 3/ V {0• 027 •+ 0• 0028Xf + 0■ 001lXj| + 0-0006 XU...} 

+ i {— 0 -465 — 0-082 X? — 0-0055 X$ — 0-0012 X? ...} 

+ tpc** {- 0- 219 ~ 0 -0196 Xf - 0-0078 XJ-0-0015 X* ...} 

+ ipe~* e {-- 0• 285 - 0■ 0174 Xf - 0• 0082 Xf - 0-0015 XJ ...} 

+ ipV‘ s {~ 0-0123 - 0-0086 X} - 0-0077Xf - 0-0073XJ ...} 

+ i pV 41 * {- 0 • 0342 - 0 • 0098 X} - 0 • 0073 XJ - 0-0076 X$ ...} 

(22) 


apply the operation (•„ 


To see how far the velocity condition is satisfied by the solution (22) we can 

3 3 \ 

i j directly to it. From the form it is 

clear that after the operation has been performed the sums of the coefficients 
of the odd powers of e ±i0 and the even powers of e ±l ° must be separately wo 
for all values of p from 0 to 1, At p =* 0 the results are obviously wo. At 
the other points we have 


Odd terms. Even terms, 

p = *: + 2*143 - 2-058, + 0-410 - 0*426. 

+ 3*088 - 2*971, + 0*955 - 0*948. 

Considering the elaborate nature of the operations, these results are 
satisfactory. 

The diagram below shows the position of the nodal line of thiB (the lowest) 
iree mode at intervals of 7r/4<j, The amphidxomic point occurs on the central 
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radius at a distance of 0*12 of the radius from the centre of the semi-circle* 
The nodal line rotates in the same direction as the basin. 



§7. The method of the previous sections is readily extended to include a 
system of forced tides. In equations (1) we replace £ in R and © by Z\ 
— Z — Z* where gZ is the tide producing potential. For a basin of small 
-extent, Z has the known form (ApV* ~f Bpbi' ^) In this more general 

case, instead of (3i) we have 


4 P (1 _p)|5' + 4(] 


?■?’ 1 
■ 2p) ~ 

dp 


d*Z' , 4uo3C , 
+ ff se + 


00® 


= - kK. 


Owing to the presence of the right member in this equation we take for Z* 
the same form as for Z in. (18) together with the two additional particular 
integrals 

__ #c a Ap V* k 2 Bp 

k 2 — 4 to/a — 2 k 2 -f- 4(o /ct — 2 


The application of the boundary condition proceeds as before resulting in 
the set of equations (21) with certain right-hand members. The quantity 
a being in this case known, these equations completely determine the unknown 
coefficients E,. 

§8. The method of the previous sections can also be easily extended to 
include the case of a sector of any angle with the same law of depth. We 
proceed to outline the process. 

Let the sector have an angle a. Then in place of the expansion (13) we take 


gif'TT#/* _ 1 (gi»'nr0> __ q (13a) 

n f being integers and s' — n f odd. 

If we write for convenience s, n in place of a'rc/a, n'rc/ot, we can form a null 
* Proudman, * M.N.R.A.S.,’ Geophysical suppl., vol. II, p. 33. 
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function in exactly the same way as before, as all the required conditions 
relating to the expansions tire fulfilled. We then have in place of (15) 

S E, { p" 2 (e“* - «—•) - — S , B 1 - (e M + e“‘"*) p-^E A" (s) Xt ) - 0, 

I l it n 1 r - «' J 

(15a) 

for 0 < 0 < a and 0 <! p <! L 

From this the integral corresponding to (18) may be compiled. 

The forms of (15) and (15a) are very similar, but it should be noted that 
there is one very important difference. In (15) n are integers, while in (15a) 
s , n being s'tc/oc, n'n/oL with n integers, are not in general integers. Hence 

while X” is an integral function of p whatever n may be, the factor p n/2 has no 
longer an exponent which is half an integer. It at once becomes evident that 
the previous process of determining the coefficients E in the velocity condition 
by equating coefficients of equal powers of p becomes inapplicable. 

The analogue of (18) is 




± 


»/2gH» 


0 «/2 g -H# 


■ 4ws/or — 2s k 1 -f 4<os[c — 2s 


4s'i 


Tt 


1 


p^a? (s) x; 


>i' 2 ? Ik 2 — 4.ionic — 2w — 4v (n 4- v + 1) 


+ 


a: (.<,■) x> 


1 


k: 2 + 4ton ja — 2n — 4 v (n -■)- v + 1)/ 


]. (18a) 


To form the velocity component 0 we operate with 


3C 

5o- 


Now p and can each be expanded in a series of Darboux polynomials 

by the theorem (10). Since the terms of £ in p are explicit, the coefficients of 
the Darboux expansions can be completely determined for any given suffix 
s in the polynomials. This quantity is at our disposal and may be conveniently 
taken as zero. After this process we should have 0 expressed as a series of 
terms XJJ, with coefficients involving 0 and E. On putting 0 = 0, a and 
equating to zero the complete coefficient of each polynomial, the necessary 
equations of condition corresponding to (20) may be obtained, and the problem 
solved. The process is undoubtedly longer than that of the case just worked 
out, but the method seems to be successful. 
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Semi-circular Basin of Uniform Depth. 

§9. We next proceed to outline the application of the present method to 
the case of a semi-circular basin of uniform depth. Taking h to be constant 
in equation (1) and including also the term corresponding to the tide-producing 
potential, we have 


R = 


0 


C/A 


9 ._ 

a 2 — 4 co 2 

(l-T b)k-o 

ML 


o* — 4w“ 

B (r R) , 

00 


rdr 


0 


(23) 


It is convenient to change the variable r to p --//«•* The equations then 
become 


where 


and 


0 a ( 2 <± JL 


<rp 00 

t 3 


k 


V 2 


fT 0p p 06 

(V 2 + ic*) C =- V 2 C 

10 0 1 0 2 
p 3p ° 0p ' p 2 06 s ’ 

? = c -1 

k~ sst (a- — 4 w 2 ) « 2 /(/A • 

The tide-producing potential £ takes the form 

Ape'" + Bpe - '", 

and kenec 


(24) 


V 2 S = 0. 


The problem is now to solve the equation 

(V 2 + K 2 ) ; = 0, (25) 

with the added conditions that It = 0 at p — 1, and 0 — 0 at 0 = 0, n. 

§ 10. Wo now form the null-function in the same manner as before. Over 
the i;ange 0 < 0 < n, we have 

c .«_ e —• - if* S -JL. (e lB " + e~‘ ns ) = 0, (26) 

TV n fi* — 

$ t n being integral and s —- n*odd. 

* This is to be distinguished from the previous use of p. 

VOL. CXXU.—A. 
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The coefficient unity of each exponent can be expanded in a Dini series 

l=S6AJ,{^p) (27) 

m 


where satisfies the equation 


J. (O + —— J. (*«.) = o. 
a x, m 


(28) 


If the exponent is negative as in e~“°, the equation determining the root 
K-m is 

J. («—) - — — J. («_„,) - 0. (28') 

G 


Using the standard notation of Watson* we have H + v = (1 + 2co/a)$ 
in the case of (28) but H + v = (1 — 2<o/or) s in the case of (28'). 

Hence, H + v may be positive, zero or negative. We shall omit the case 
<r/2to = 1 as it requires special treatment throughout. When H -f v is 
negative, terms of the form I, (*, 0 p) will appear. Provided that s + £ ^ 0 
(s being taken as the suffix of the J and therefore always satisfying this 
condition in the present problem) we have the expansions ; 

(a) arising from (28) or (28') when H + v is positive, 

1 » S 6J» J, fo m p), 

m 

where 

| dt 

}) 9 m — T2 ° v , « t/ 2 / \ > (29) 

(*«m — nJi (/C m ) + K^J , (* 8m ) 

and (6) when H + v is negative, 


1 cs= 6ol,(« < op)+ S 6JjJ,(K #m p), 

m = 1 

where 

2kJo | tl t (Kgot)dt 

“(«&.-«•) iiw-'inw 1 (80) 

and wi ;«* 0, is obtained as in (29). 

We shall follow Watson in writing both cases as 

I«BJ(p)+ 2 (31) 

m ■> 1 

where BJ (p) is aero for (a) and 6|>I«(*«op) for (&)• 


* ‘ Bessel Functions/ p. 597. 
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We have, therefore, the null-function in the form 

SE.[e-{BS(p) + S«,J,( W )} 

-e-“*{B 0 -(p)+S6-*J,(^ m p)j 

-1 • - 2 i j B 0 -» (p) + S 6m* j„ (*-»„,?)j I • (32) 

TC ft A* — fv v m ,* .J 

This vanishes identically in the range 0 <p<l>0 <0<7c. 

Now consider the solution 

K = £ E, e' 59 {bs (p) (*» + <o) + s K J, (K, mP ) («• - o) 

# L- l m 1 

* 

- e~ M |BJ (p) -4 (* 2 + + £ 6~* J, (*_, m p) 4- (k* - Ki m )} 

“ — s -~- t M BS (p) -4 (k 2 + *£,) + 2 6” «T„ (K nm p) 4- (** - Ki nm )} 
7 T S 2 — n* l m J 

- - £ y~— i I B «""(P) + («* + *-»<>) 

7t s 2 — n z v 

+ £ 6~" J„ (K_ nm p) 4- {«* — *!,,„)}] • (33) 

If we substitute (33) in (A 2 -f- « 2 ) £, we derive expression (32), which is 
identically zero within the basin. Hence (33) satisfies the third equation of 
(24) in the case where £ = 0. 

Further, by (28) and (28'), each term of (33) separately makes R = 0 when 
p — 1. The solution (33) therefore satisfies one boundary condition and 
contains an infinite number of arbitrary factors E, which may be suitably 
determined to satisfy the remaining boundary condition. 

As a practical point it should be noticed that the solutions of (28) and (28') 
can only be obtained when a/2 <a is known. This almost precludes the possibility 
of determining the values of a for the free oscillations except by long and 
laborious approximation. For any given value of a, however, these equations 
can be solved and the corresponding critical value of h, which only appears 
in k*, may be determined. 

When £ is not zero, we include in (3) an additional solution of (25), namely, 

b 2 
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CJj (*rp)e l<) + D Jj (#ep) e” 1 *. These terms do not of themselves satisfy the first 
equation (24) at the boundary. But we may take* 

SW»{CJ 3 M-Ap} 

+ <r rf {D - Bp}. 

The contribution of these terms to the value of R is zero at p = 1 if 
C » A(1 + 2w/<j)/{*J/(k) + 2o>/o J x (k)} 

and 

D =: B(1 — 2o)/a)/{#cJ 1 '(K) — Sco/crJpc}* 


The value of £ given by (33) and those additional terms makes R «= 0 at 
p ^ 1 for the assumed value of 

§11. We next turn to the condition that 0 0 for 0 = 0, 7t. Using the 

operator — ^-- ^ upon £ — T» together with the known relations 

2J P (Kp) = J v ~ x (#cp) - J„. h i (*p), 

and 

“ir J v M ™- J».-i (*p) - J|»+i M> 

p 


and putting 0 0, n, we have as a result a series of terms each involving p 

within a Bessel function. The Bessel functions have a complete series of 
integral suffixes but there is a variety of arguments K mn p. These must be 
reduced to a common form as may be clone by use of the relation 


where 

& i!i «(-inn + 2*)! 


J„ («p) = £ b s , J„ +!!i (p), 

I 


i __>£2Z _ i •?+*-* 

ts! ii ■ + * ! a + 2# — I s — 1 ! n + s —1 ! 


_1_ k" 12 *-* 

(n + 2s — 1) (« -f 2s - 2) ‘ 2 ! s - 2 ! n + s — 2 ! 


) 

C 


It i« now possible to form equations corresponding to (21) by equating to 
zero the collected coefficients of J 0 (p), J t (p), J 2 (p), ... 

From this point, the solution of the problem follows the same lines as 
the last. 

It will be seen that the present process involves the solution of several sets 
of transcendental equations. First there axe those of (28) and (28'), and four 
or five roots of each would be required corresponding to eaoh value of s. Then 
there would be the final determinantal equation which would have a form 

* At before {*■ Are**/* + Bre “**/«. 
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similar to the eliminant of (21). On the other hand, Proudmaivs method 
requires only the solution of one deter minantal equation. From the practical 
point of view, therefore, the latter method has the advantage. The process 
of this paper is, however, worth recording as giving an alternative and also 
as showing that the problem may be included in the list of those soluble by 
use of the null-function method. 


The Formula for the Optical Rotatory Dispersion of Quartz. 

By T. Bkapshaw and Prof. G. 11. Livens, University Coll‘go, Cardiff. 

(Communicated by Prof. T. M. Lowry, F.H.8.—Received September 27, 1028.) 

The optical rotation of quartz has been measured over a large baud of wave¬ 
lengths. We have Gumlich’s* original work over the range from X = 2* MO p 
to X s= 0-21935 p, repeated and extended into the ultra-violet by Soret and 
Sarasin and Guye. More recently a series of accurate measurements covering 
the same range was published by Lowry,f and then Duclaux and JeantetJ 
gave a series of results for a range in the ultra-violet from X = 0-30870 p to 
X as 0-185398 p. Finally, Lowry and Coode-Adams,§ having improved the 
accuracy of their original method, succeeded in obtaining a very accurate set 
of readings extending from X = 2*5170 p in the infra-red to X =0-2280 p 
in the ultra-violet, reaching thus just up to the region measured by Duclaux 
and Jeantet. 

Various attempts have been made to fit these results into a formula. Gumlich 
found it possible to represent his results by a formula of the type 

= aq/X 8 + Kg/X 4 + a 3 /X 6 •+■ a 4 /X 8 + a 5 /X 10 , 
but Kettler had almost equal success with the simpler form 

a) = (X 8 -o< )/p. 

These two formula, although representing the results obtained over the limited 
range of the spectrum, appear however to have little or no theoretical 

♦ ‘Wied. Ana./ vol. 64, p. 349 (1898). 
f 4 Phil. Trans./ A, vol. 212, p. 261 (1912). 
t ‘ J. Physique/ vol. 7, p. 200 (1920). 

§ 1 Phil. Trans./ A, vol. 226, p. 391 (1927). 
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significance. The first attempt at a theoretical formula was made by Drude 
in his * Optics/ where he proposed the fqrm 

w = A/(X 2 - X a 2 ) + B/X 2 

wherein X^ ~ 0*010627 corresponds to the wave-length (in microns) of the 
ultra-violet absorption band obtained from refraction data. This formula 
fitted quite satisfactorily all the results obtained previously to its introduction, 
but Lowry found that it was not quite accurate enough to include his first 
series of extended data and he proposed the modified form 

o> =* Aj/(X 2 - V) + A 2 /(X 2 - X 2 a ) + A 3 /X 2 

with 

X t 2 = 0-010627, X 2 2 = 78*22, 

the latter value corresponding to an infra-red absorption band. His later 
and still more accurate readings however required still further modification 
and his final formula is 

to = A 1 /(X 2 — Xj 2 ) A 2 /(X“ — X 2 2 ) A 3 

where 

X/* = 0 • 0127493, X 2 2 = 0 ♦ 000974, 

so that the second band is now right down in the extreme ultra-violet, and the 
effeot of the infra-red band is replaced by a constant. 

Neither of these latter formate however, represent the results obtained by 
Duclaux and Jeantet, at least not to within the degree of accuracy claimed 
for them by their authors,* and it seems as though still further modification 
is necessary. And, on the face of it, the constant term in Lowry's last formula 
is most improbable, except as a provisional result, because it is impossible to 
reconcile it with any theory of these effects. 

So far, however, all attempts made to obtain a formula have been based on 
the assumption that this formula must be more or less of the type suggested 
by Crude, Certain theoretical considerations developed in detail by one of 
the present writers’)* tend, however, to show that the formula must be somewhat 
more complex. In the case of a medium with, say, three absorption bands at 
wave-lengths Xj, X 2 , X 8 —one at least of which is chir&lly active—it should 
in fact take the form 

_ l j A, , B f ) 

“ \* + (x*- V)*)’ 

* That their results are correct to within 0*2° per millimetre. 

t * Phil. Mag., 1 vol. 27, p. 994 (1914). The same formula is given by Bom in his article 
" Atomthoorie dee festen Zu standee,” in the * Enoyolop&die der Matheraatischen 
Wissenschaften ’ (Bd. V, 3, p. 621) published in 1923. In his book ‘Dynamik der 
Kristallgitter * (Leipzig, 1915), a somewhat different formula is given. 
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and it has occurred to us to try whether such a formula is capable of adjust¬ 
ment to include the whole set of readings now available. After a number of 
trials it was found that with 

= 0*01274912, X a a = 0*01208000, X 3 * *= 80, 
the values of the six constants A,, B f (r = 1, 2, 3) could be so chosen that the 
discrepancies between the observed and calculated values of to are all prac¬ 
tically within the limits of experimental error. At least the errors are generally 
no greater than those obtained by Lowry and Coode-Adams with their formula; 
and whereas their formula does not agree with the experimental results of 
Duclaux and Jeantet, our formula gives results which differ from those experi¬ 
mental ones by amounts in every case less than the estimated possible errors 
of observation. Further we find that our formula provides an explanation 
of the practically constant effect of the infra-red band, as the two terms corre¬ 
sponding to that band in our formula do, in fact, give a practically constant 
effect throughout the whole range. 

In the following tables a comparison of the two formulae, our own and 
Lowry’s latest and most accurate, is made. Lowry’s formula is 

9*5639 2*3113 

wherein 

X,**= 0-0127493, X 2 a = 0-000974 

and is estimated to be accurate to within 0 • 002° per millimetre over the whole 
range and to within 0-001 over the more accurate portions. 

Our own formula is 

845-694 0-40235 838-4320 0-1331283 

““ X 2 - V (X*-V)* X a -X, a (X a -X 2 *)« 

, 43-05794 , 2119-117 
X s -V (X a — Xj*) 8 ’ 

In both formulae and in the tables all wave-lengths are in microns and the 
rotations in degrees per millimetre. 

It may be noticed that in our formula the influence of the infra-red band is 
retained, and instead of introducing a new band in the extreme ultra-violet, 
we have only found it necessary to split the old single band into a close doublet. 

From the tables it is clear that our new formula is generally more satis¬ 
factory than anything that has yet been proposed—as, of course, probably 
the greater number of adjustable constants might lead one to expect—and it 
has the advantage of a more satisfactory theoretical basis. There are indica- 
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lions, however, that it may still be possible to improve further on it, for the 
differences in the visible part of the spectrum, whore the greatest accuracy is 
to be expected, still show a certain amount of regularity. And the ordinary 
refractive dispersion formula may possibly indicate the directions in which 
help is to be sought. By using the wave-lengths of the Lowry rotatory dis¬ 
persion formula Coode-Adams finds that it is possible to fit the refractive index 
formula with very great accuracy, and this conclusion is advanced in support 
of the general validity of the original formula. By using the wave-lengths 
indicated by our rotation formula we find that equally great accuracy is 
obtainable in the visible and ultra-violet regions, but that to secure agreement 
in the infra-red region, an additional wave-length in the extreme infra-red 
region is necessary. This new wave-length can have very little influence on 
the rotation formula-in the region under consideration —but it might just 
possibly produce sufficient effect to enable greater accuracy to be secured 
with the formula. As, however, all the differences are within the limits of 
experimental error, it is doubtful whether it is worth while pushing the calcu¬ 
lations any further at present. 


Rotatory Power of Quartz in the Infra-red Region of Spectrum. 


Wave¬ 
length, 
10*** cm. 1 

Observed 
rotation 
per millimetre. 

! 

26170 

0-900 

23900 

X -087 

22200 

1 * 269 

21050 

1-450 

20000 

| 1-631 

>9000 

| 1-812 

19050 

1-718 

16640 

2-443 

16070 

2-624 

15690 

2*806 

15170 

2-987 

14330 

3*350 

13420 

3-894 


Calculated rotation 
per millimetre. 


Lowry. 1 

Liven* 

0-957 

0-956 

1 -082 

1 -079 

1-282 

1-281 

1*462 1 

1 *446 

1-630 

1*623 

1*820 

1-820 

1*696 

1-689 

2-443 

2-436 

2-635 I 

2-627 

2-814 

2*805 

2-883 ! 

2-975 

3-370 | 

3-361 

3-876 

3*365 


T>ifferenee. 


Lowry. 

Livens. 

-0*061 

-0-049 

-i 0-005 

+0*008 

0*013 

- 0*012 

—0-002 

f 0*004 

+ 0-001 

+0*008 

—0*014 

- 0-008 

+0*022 

+0*029 

+0*000 

! f0-007 

-0*011 

i -0 003 

—0*008 

1 +0*001 

+0*004 

j +0*012 

—0-020 

! - 0 - 011 . 

+0*019 

j +0*029 
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Rotatory Power of Quartz in the Red Region of the Spectrum. 


Wave* 

Observed 

Calculated rotation 
per millimetre. 

Difference. 

length, 
10"* cm. 

rotation 
per millimetre. 


,. 

i 

r -■ ■ 

| 


Lowry. 

j Livens. 

| Lowry. 

! Livens. 

i 

7741*2 

12-210 

12*252 

12*249 

0 033 

0-030 

7041*4 

12*578 

12*589 

12*585 

-0*011 

—0*007 

7448*7 

: 13*297 

13-290 

13-295 

! 0*001 

+0-002 

7172*2 

14*370 

14*371 

14*371 ! 

i 0*005 

f 0*005 

0030*3 

! 15*454 

15-442 

15*440 

i 0*012 

i-0*0l4 

0854*2 

15*814 

15-80*1 

15*803 

+0*010 

+0*011 

5821*7 ! 

I 22*285 

22 293 

22-290 

0*008 

! —0*005 

5052*0 

23*721 

23*735 

23*735 

0*014 

“0*014 

5302*0 

20*237 

20-228 i 

2(5-227 j 

1-0*009 i 

I 0-010 


j 


Rotatory Power of Quartz in the Visible Region of Spectrum. 


Wave¬ 
length, 
10"* cm. 

Observed 

rotation 

Calculated rotation 
per millimetre. 

Difference. 

per millimetre. 

Lowry. 

; Livens. 

i 

Lowry. 

Livens. 

0708*840 

16*5359 

16*5307 

16*535 

— 0*0008 

+ 0-001 

6438-470 

18*0243 

18*0239 

18-023 

i 0*0004 

1-0-001 

0362*345 

18-4797 

18*4808 

18*479 

-0*0011 

+0-001 

5895*032 

21-7010 

21*7019 

21*701 

“0*0009 

+0*000 

5889*905 

21*7492 

21*7488 

21*748 

f 0*0004 

j 0*001 

5780-069 

22-6466 

22*5457 

22-540 

+0-0008 

{0-000 

5782*159 

22*6170 

22*6160 

22*610 

+ 0*0010 

+0-001 

6709*589 

22*7211 

22-7200 

22•720 

+0-0005 

+0*001 

5700*248 

23*3115 

23*3108 

23-312 

+0-0007 

1.0*000 

5471*651 

25*4328 

25*4307 

25*432 

+0*0021 

+0*001 

5465*489 

1 25*4921 

25*4908 

25*492 

I 0-0013 

+0*000 

5460*742 

i 25*5384 

25*5381 

25*539 

+0*0003 

0*001 

5350*65 

28*0725 

20-6716 

20*673 

+ 0-0009 

+0*000 

5218*202 I 

28*1375 

28*1393 

! 28*140 

0*0018 

0*002 

5209*081 ! 

28*2451 

28*2440 

! 28*246 

+0*0005 

-0 001 

5153*251 

28*9049 

28*1*042 

28*900 

+0*0007 

“0*001 

5105*643 

29*4861 

29*4864 

29*488 1 

“0*0003 

0*002 

5085*822 

29*7323 

29-7321 

20*733 

+0 0002 

-0*001 

4810*535 

33*6108 

33*5175 

33*519 

-0*0007 

“0*002 

4799*909 

33*6709 

33*6780 

33*079 

“0*0011 

“0*002 

4722*164 

34*8886 

34*8895 

34-800 

“0*0010 

“0*001 

4680*138 

35*5721 

35*5722 

35*573 

-0 0001 

“0*001 

4678*163 

35*6057 

35*6049 

35*605 

! +0*0008 

+0*001 

4858*348 

41*5506 

41*5504 

41*553 

i +0*0002 

“0 002 


I 
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Violet and Ultra-violet Regiona of the Spectrum. 


Wave¬ 
length, 
10““ora. 

Observed 
rotation 
per millimetre. 

Calculated rotation 
per millimetre. 

Difference. 

Lowry. 

Livens. 

Lowry. 

livens* 

/ 2327-49 

187-247 

187-247 

187-23 

10-000 

+0-02 \ 

\2327-37 

187*255 

187-278 

187*26 

-0*023 

+0*00 / 

2331-29 

186-378 

186-390 

186-37 

-0-019 

+0-01 

2332-88 

186-062 

186-059 

186-06 

+0*003 

±0*00 

/ 2348-40 

182-720 

182-708 

182-70 

+0*018 

+0-03 \ 

\ 2348-23 

182-734 

182-743 

182-74 

-0*009 

-0-01 / 

2359-12 

180-439 

180*447 

180*45 

-0*008 

-0-01 

2375-193 

177*143 

177-143 

177*14 

±0-000 

±0*00 

2382*039 

175-759 

176-766 

177-76 

-0-007 

+0-00 

2383-253 

176*526 

175*623 

175-52 

+0-003 

+0*01 

2406-603 

170-951 

170-947 

170-95 

+0*004 

±0*00 

2457-602 

160-630 

160*631 

160-63 

-0*001 

+0-00 

2527*44 

150-126 

150-116 

150-13 

+0*010 

±0 * 00 

/2591-554 

140-663 

140-657 

140-67 

+0*006 

-0-01 \ 

\ 2691*564 

140-669 

140-665 

140-67 

+0*014 

j 0-00 / 

/2611-885 

137*859 

137*855 

137-86 

+0-004 

±0*00 \ 

\ 2611*885 

137-803 

137*853 

137-86 

+0*010 

±0*00 / 

2679-065 

129*199 

129*187 

129*21 

+0-012 

-0-01 

2749*324 

121*039 

121*031 

121-03 

+0-008 

+0*01 

2851-800 

110-511 

110-504 

110-61 

+0-007 

±0*00 

2966*902 

100-311 

100-310 

100-31 

+0*001 

±0*00 

3083-746 

91-394 

91-397 

91*40 

-0*003 

-0*01 

3239-449 

81-317 

81-319 

81*317 

-0-002 

+0-000 

3273*965 

79*315 

79-319 

79*317 

-0*004 

-0*002 

3426-646 

71-337 

71-331 

71*331 

+0*006 

+0*006 

3490*577 

68-360 

68-355 

68*355 

+0*005 

+ 0-005 

3693*999 

60*058 

60*060 

60-069 

-0-002 

-0*001 

3727*622 

58*838 

58-839 

58*837 

-0 001 

+0-001 

4000*250 

60*077 

50-078 

50*080 

-0*001 

-0*003 

4203-986 

44-980 

44-981 

44-981 

-0*001 

-0*001 


Extreme Ultra-violet Period. 


Wave¬ 

length, 

10-*cm. 

Observed 
rotation 
per millimetre. 

Calculated rotation 
per millimetre. 

Difference* 

Lowry, 

Livens. 

1 

Lowry. 

Livens. 

2263-09 

202*365 

202-435 

202-41 1 

-0-07 

-0*04 

2263*14 

202*365 

, 202*423 

202-38 

—0*00 

-0*02 

2263-34 

202*27 

202*37 

202-33 

-0*10 

-0*06 

2210*08 

216*60 

216-51 

216-44 

-0*01 

+0*06 

2174*02 

226*91 

226-98 

220-89 

—0*08 

+0*02 

1989*79 

295*65 

296-24 

296-76 

-0*59 

-0*05 

1936*18 

322*76 

323-64 

322*74 

-0*88 

+0*02 

1930*30 

325*31 

326-29 

325-38 

-0*98 

-0*07 

1862*09 

365*0 

367*45 

265*7 

-1*90 

-0*1 

1857*35 

368*6 

370-62 

368*8 

-2*00 

-0*2 

1853*98 

370*9 

372-91 

371*08 

-2*00 

-0*2 
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On the Form and Potential Energy of the Isomorphous Crystals , 
Ruby (A1 2 0 8 ) and Hematite (Fe 3 O a ). 

By J. Topping, M.Sc., Ph.D., D.I.C., Beit Scientific Research Fellow. 

(Communicated by W. L. Bragg, F.R.S.—Received September 29, 1928.) 

§1. Introduction . 

1.1. Recently, much work has been done in attempting to explain the 
observed size and shape of crystals in terms of their interionic forces. To do 
this, a highly idealised form of the crystal has been postulated in which the 
ions of the crystal (in accordance with KosseTs theory) are regarded as point- 
charges, of magnitude equal to the resultant ionic charge and situate at the 
points of the crystal lattice determined by X-ray analysis. For ions which 
are surrounded symmetrically by other ions, these points doubtless correspond 
to the nuclei of the respective atoms, but for unsymmetrically situated ions 
there is some uncertainty as to the exact position to which to assign the point- 
charge.* 

Moreover, in order that the crystal may be in equilibrium, other repulsive 
forces, in addition to the electrostatic forces of attraction and repulsion between 
the ionic point-charges, are assumed to be operative between the various ions. 
These are termed “ intrinsic repulsive ” forces, and have been represented 
by an inverse power law varying with the distance according to the nth power, 
and expressible in the form p n r" n . Consequently, in order to determine the 
equilibrium configuration of the crystal, as given by the minimum value of 
the potential energy of the crystal, it is necessary to determine (i) the electro¬ 
static potential energy of an infinite array of point-charges, arranged according 
to the crystal pattern, and (ii) the potential energy due to the intrinsic repulsive 
forces between the ions. 

1.2. A method of finding the electrostatic potential energy of periodic 
systems of point-charges has been given by Madelung,f who applied his formula 
to give the electrostatic potential energy of a simple cubic crystal—NaCl. 
Also, a general formula giving the electrostatic potential energy of any space- 
lattice of point-charges has been developed by Ewald,J and therefore, theoreti¬ 
cally, the electrostatic potential energy of any crystal can be found. This 

* C/, * Roy. Soc. Proc.,’ A, vol. Ill, p. 61, { 13 (1926). 

t * Phys. Z./ vol. 19, p. 624 (1918). 

% M. Bom, * Atomtheorie dm fee ten Zustandee,* p. 727, 2nd ad. (1923). 
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general formula can be applied readily to simple crystals, that is, crystals for 
which tho positions of all the atoms are known when the dimensions of the 
unit cell have been determined. Applications to more complex crystals are 
not so easily made ; the structures of such crystals generally involve one or 
more ratios or parameters which may have any value over wide limits without 
affecting the symmetry of the crystal. 

The calculation of the electrostatic potential energy of complex crystals 
involving parameters, and an application to give a theoretical explanation 
of the measured values of these parameters, was first made by W. L. Bragg 
and 8. Chapman.* * * § They considered the carbonate crystals of the ealcite 
type, whose structures involve two parameters. An extension of this work, 
together with similar calculations for a possible isomorphous series of nitrates, 
was made later by S. Chapman, J, Topping and J. Morrall.f In all this work, 
owing to lack of knowledge concerning the intrinsic repulsive forces, only the 
electrostatic forces were considered, the configuration of minimum energy 
being found, by using a virtual displacement of the crystal chosen so as to 
eliminate, as far as possible, any change in the energy corresponding to the 
intrinsic repulsive forces. However, more recently the contribution of the 
intrinsic repulsive forces to the total potential energy has been calculated 
directly, by making use of the data concerning these repulsive forces given by 
J. E. Lennard-Jones and B. M. Dent-4 The values of the total potential 
energy thus obtained have been used to determine the size of the NO a ~ ionic 
group in the nitrates,§ and of the C0 3 ~ ionic group in the oarbonatcs.]! 

1.3. The present work relates to still more complex crystals, namely, the 
members of the isomorphous group including A1 2 0 8 (ruby), Fe a O a (haematite), 
Cr 2 0 3 and Ti 2 O a . These crystals have been assigned to the holohedral class 
of the rhombohedral system, and their structures involve three parameters. 
The value of the rhombohedral angle for each crystal is not fixed by the 
symmetry, and, in fact, may be treated as one of the parameters. 

It is shown that the forces considered in this paper (c/. § 1.1) can give a 
very good account of the observed me and shape of the crystals Al 2 O s and 
Fe a O a (the other two crystals of the series Oannot be considered since their 
structures have not been analysed and measured). But in order that the 

* * Roy. Soo. Proc./ A, voL 106, p. 369 (1924). 

t * Roy. Soc. Proc./ A, vol. Ill, p. 26 (1926). 

X 4 Roy. Soo. Proo,,’ A, vol. 112, p. 230 (1926). 

§ Topping and Chapman, 1 Roy. Soc. Proc./ A, vol. 113, p. 66$ (1927). 

|| Lennard-Jones and Dent, ‘ Roy. Soc. Proc.,’ A, vol, 113, p. 673 (1927). 
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theoretical series of possible configurations of the crystal might include the 
observed configuration, some change is found to be necessary in the intrinsic 
repulsive-force data given by J. E. Lennard-Jones and B. M. Dent. Further, 
these crystals are of particular interest because of the approximately hexagonal 
close-packed arrangement of the 0 ions, an arrangement which appears to 
be of great importance in determining the structures of these crystals, as well 
as those of BeO, BeAl 2 0 4 , MgAl 2 0 4 and the silicates.* The results of this 
paper yield some indication of the reason for the observed distortion from an 
exact hexagonal close-packed system of the 0 ions in the crystals Al a O a and 
-re 2 0 3 . This is discussed more fully in § 8. 

§ 2. The Structures of A1 2 0 3 and Fe 2 0 3 . 

2.1. The structure which has been assigned to the A1 2 0 3 crystal as a result 
of X-ray measurements,f may be conveniently pictured as follows. A series 
of rhombic cells is formed by slightly extending cubic cells along a trigonal 
axis, so that the angles between edges meeting in tins axis is about 85° 42' 
instead of 90°. At every cell corner is placed a unit consisting of two A1 
atoms and three 0 atoms. The two A1 atoms are separated by a distance 2d 
of about 2-74 A. and lie at equal distances from the cell comer along the 
trigonal axis which passes through it. The three O atoms surround each cell 
corner at a distance b of about 1 -44 A., lying in a plane through the comer 
perpendicular to the trigonal axis. Thus the 0 atoms lie in the (111) planes 
and they surround the net-points of an equitriangular network, lying along 
three alternate members of the set of six radii passing through these net- 
points. The orientation of these groups is completely reversed in successive 
planes. The structure projected on a (111) plane is shown in fig. L 



Fig. 1.—The dot# represent the O a groups around the net-points in plane s ---- 0, and the 
circles represent the A1 atoms above and below these not*points. The crosses and 
squares represent the projections of the net-points in the successive planes s = 1 and 
b b» 2 respectively. 

* Bragg and West, ‘ Roy, Soc. Proc./ A, vol. 114, p, 450 (1927). 
t W. L, Bragg, 4 Roy. Soc. Proe./ A, vol. 106, p.357 (1924); Pauliug and Hendricks, 
‘ J. Amer. Cbem. Soc./ vol. 47, p, 781 (1925). 
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The observed data* lor the crystals are indicated below. 


Crystal. 

Rhombohedral 

angle. 

Axial ratio 

1 a : 3c. 

a 

(Darey). 

b. 

d. 


o / 


A. 

A. 

a 

A. 

A1.0 a . 

85 42} 

1:1-3652 

4*745 

1*44 ±0*015 

1*37 ±0*03 

Fe t 0 3 . 

85 42 

1 : 1-3654 

5*035 

1*47 ±0*035 

1*44 ±0*05 


It is clear that the structures involve three parameters which may be chosen 
in various ways. They may be stated simply as follows :— 

(1) The ratio (or some multiple thereof) of the distance c between successive 
(111) planes to the length of side a of the equitriangular networks in 
these planes ; that is, a multiple of the axial ratio a : 3c. 

(2) The ratio (or some multiple thereof) of the 0-0 distance b\/3 in the O a 
group to the length of side a of the equitriangular network. 

(3) The ratio (or some multiple thereof) of the Al-Al distance 2d to the 
0-0 distance in the same A1 2 0 3 group. 

But in the mathematical work it was found convenient to use the following 
ratios as the parameters : (1) t = ina/'dVSc, (2) X = b/a, and (3) djb> 

Only two particular values of the parameter d)b have been considered, namely, 
those appropriate to the crystals Al 2 O a and Fe a 0 s respectively. Hence, 
the main problem discussed is the calculation of the electrostatic potential 
energy of the Al 2 O a ionic lattice of point-charges involving three parameters, 
and of the potential energy due to the intrinsic repulsive forces between the 
various ions. These quantities are calculated for the two particular values 
of the third parameter and for a series of values of the other two, and the values 
of these two parameters are then found for the configuration in which the 
total potential energy of the crystal is a minimum. 

§ 3. The Electrostatic Potential Energy of the A1 8 0 8 Lattice of Point-charges . 

3.1. Owing to the similarity in structure between the carbonates of the 
calcite type and A1 2 0 8 , the method of finding the electrostatic potential 
energy of the AI 2 O a ionic lattice follows very closely that used in the case of 
calcite. It is therefore perhaps only necessary to give a very brief sketch of 
the method employed and to refer to the former paperf for details. 

The electrostatic potential energy W (,) per molecule of the crystal is given 

♦ For symbols used in this paper see p. 272. 

| S. Chapman, J. Topping and J. Morrall, * Roy. Soc. Proo,/ A, vol. Ill, p. 2d (1926). 
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by the value of the summation £ZEV for the five ions of one Al 2 O s molecule, 
where V refers to the electrostatic potential at the point-charge E due to all 
the remaining point-charges. Thus 

W w - J{SeV A i+ + SeV A i - - 3. 2eV 0 }, 
where V A i+, Vai- and V 0 denote the value of V at the corresponding ions; 
owing to the symmetry of the structure V has the same value at all ions of the 
same kind. 

Writing the last equation in the form 

W w « fc{SV A ,+ + 3 Vai- - bV 0 } (1) 

W ie) I may be interpreted as the potential at a point P due to a composite 
lattice, L a >, formed in an obvious manner. 

This composite lattice, L P , consists of groups of point-charges situate at 
and around the points of equitriangular networks, which are arranged accord¬ 
ing to the crystal pattern. A complete specification of the charges of this 
lattice is given in Table I. In writing the positions of the lattice-points it 
is convenient to make use of the following vectors, 


= sc + MUj + ?za 2 

(2a) 

= r + 1 («x ~ a s) 

(2b) 

= r + I (»x — a a)- 

(2c) 


The vectors r, r', r" specify the points in fig. 1 which are indicated by circles, 
crosses and squares respectively ; a x , a 2 , a 3 are three vectors of equal length 
a and are also indicated in fig. 1. The parameters s, m, n, l take all positive, 
zero and negative integral values, s referring to different planes and in, n 
referring to the net-points of any one plane, c and d are vectors parallel to 
the trigonal axis, c being the distance between successive planes of 0 ions, 
which are perpendicular to the trigonal axis, and 2d the distance between the 
two A1 ions of an Al a 0 3 group. 

Table I. 


Valuo 
oi a. 

Positions of \ 

lattice-point*. 

Charges at 

| lattice-points. 

Neutral groups around 
the lattioe-pointfl. 

X. 

II. 

III. 

I. 

II. 

in. 

I. 

u. 

III. 


r 

r id 

r ±2d 

54s 

— 30e 

9c 

40, 

6G, 

„ 

61+1 

r' 

r' ±d 

r* i2d 

54e 

—36c 

9« 

40, 

6G 4 

— 

61+2 

r" 

t"±6 

r"±2d 

64 e 

—36e 

9c 

40, 

6G, 

— 

61+3 

r 

r id 

r i2d 

54c 

—36e 

9e 

40, 

6G 4 

— 

61+4 

r' 

r' id 

r' i2d 

54c 

—36c 

9e 

40, 

60, 

— 

61+6 

r" 

r" id 

r"i2d 

54e 

-86e 

9c 

40, 

6G 4 

— 
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Four kinds of neutral groups of charges occur which may be denoted by the 
letters Gj, G 2 , G 3 and G*; they are shown in fig. 2. 

To calculate the electrostatic potential at the origin of the system of point- 

charges specified above in Table I, the following 
subdivision is made ;-~ 

(a) The charges at the lattice-points. 

(p) The sets of neutral groups of charges in all 
the planes # y 6 0. 

(y) The sets of neutral groups in the planes 
corresponding to ,s* -- 0 ; these include 
the 4G X groups in the plane $ 0 and 

the 6 Gj groups in the planes situated 
parallel to this at distances d above and 
below. 

3.2. Expressions for the potential Y n of the charges at the lattice-points, 
and the potential V fi of the sets of neutral groups in all the planes 6* 0, can 

be found by using fomiube, originally due to Made lung,* for the electrostatic 
potential of a linear series and a plane network of point-charges respectively 
(cf. §§4 and 5, equations (4) and (7) of the former paper). Spine difficulty 
arose in the evaluation of a series involved in the expression for V*, which was 
relatively slowly convergent for the range of values of the parameters used. 
But this was avoided by calculating independently the potential of the 
corresponding network of neutral groups. An algebraic method was used, 
similar to that given in § 6 of the former paper, and the expression for the 
potential was found to involve series of the type 

S SB“* 0, 7, 

• • >» w 

svud 

H|l -I- D7K* (If, ff) = (2, 9), (4,11) and (6, 13), 

•* TO - - * 

where 

W = i 1 -I- !) 2 - (l + |) (rn + i) + (rn + i)*. 

The former arc sseta-functions of the second order, which have been dealt with 
by J. E. Le n nard-Jones and A. E. Ingham ;f whilst the second type can be 
obtained from the first by means of a simple operator successively applied, 
and an expansion, suitable for computation, can be found. 

* Made lung, * Pliyu. Z.,’ vol. 19, p. 534 (1918). 
t ‘ Roy. Soc. Proc.,’ A, vol. 107, p. 648 (1925). 
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The potential V v of the neutral groups in the planes corresponding to & = 0 
can also be found by methods similar to those used in § 6 of the former paper. 

Thus, omitting further details, we may write the potential V of the 
composite lattice Ly of point-charges as 

V _( 1 92*/fc) . F ( X, t, rf/fc) # (3) 

where F(X, t t djb) is some function of the three parameters. Its value has^ 
been calculated for a series of values of the two parameters X and and for 
two articular value's of the parameter djb. These values are given in Tables 
11a and IIb. It might be noted here that the expression (3) for V above does 
not include the self-potential of the A1 2 0 3 ionic group which surrounds the 
origin. This is considered separately later (§7). 


Table IIa. 


Values of F(X, t, d/b). djb 


0-52 . tc/V3. 


A/(. 

; 2*0 

t 


2*2 


i 24 


2*6 


; 2*s 

i 


3-0 

i 


0 

0 


0 


0 


0 


0 


0 


0 05 

0*000 

00 

0-000 

00 

0*000 

01 

0*000 

01 

0*000 

01 

0-000 

01 

0*10 

0*000 

08 

0-000 

13 

0*000 

17 

0-000 

21 

0-000 

24 

0*000 

26 

015 

0*000 

65 

0-000 

98 

0*001 

295 

0 001 

57 

0*001 

79 

0*001 

96 

0-20 

0*002 

83 

0*004 

18 

0*005 

42 

0*006 

48 

0*007 

33 

0*007 

98 

0-25 

0*008 

86 

0-012 

64 

0-016 

025 

0*018 

865 

0*021 

115 

0*022 

77 

0-28 

0*015 

53 

0*021 

68 

0*027 

085 

0 031 

55 

0*035 

04 

0*037 

55 

0-30 

0 021 

885 

0*030 

07 

0*037 

Lfl 

0*042 

94 

0*047 

37 ! 

0-050 

47 

0-32 

0*030 

03 

0-040 

58 

j 0 049 

575 

0*056 

78 

0*062 

18 j 

i 

0-065 

80 


3 2. 


0 

0 000 01 
0000 275 
0 002 07 
0 008 405 
0023 85 
0*039 10 
0 052 20 
0067 65 


Table IIr.—V alues of F(X, /, djb). d/b -- 0*54 . 7 r/V 3 . 


A It. 

2-0. 

2-2. 

j 2-4. 

025 

0*009 775 

0 013 79 

0*017 33 

0-28 

0*017 30 

0*023 82 

0*029 43 

0-30 

0*024 85 

0*032 96 

0*040 25 

0-32 

0*033 36 

0*044 35 

0*058 51 i 


j 2-6. 

1 

i 

2*8. 

3-0. 

| 3*2. 

0*020 25 
0-033 97 
0*046 05 
0*060 65 

0-022 51 
0-037 41 
0-050 35 
0-006 775 

i 

0 024 13 
0*039 78 
0*053 19 
0*068 95 

0*025 115- 
0*041 095 
0*054 59 
0*070 175 


Hence from equations (1) and (3), the electrostatic potential energy per 
molecule of the crystal is given by 

W w » - (96et/fc) . F (X, t, dlb). (4) 

This may be expressed in heat imits per gram-molecule of the crystal as 
follows:— 

U* - W* . N/J - - (96 e*/b) . F (X, /, djb) . N/J, (4*) 

VOL, cxxn.—A. 


s 
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where N is the number of molecules per gram-molecule = 6*062.30 28 and J 
is the mechanical equivalent of heat = 4*184.10 7 ergs per calorie, e is in 
electrostatic units and b in centimetres. 


§ 4. The Potential Energy due to the Repulsive Forces. 

The second part of the problem must now be dealt with, namely, that of 
hading the potential energy due to the intrinsic repulsive forces between the 
various ions of the crystal. 

Considering separately the five ions of an A1 2 0 :{ group (or molecule) sur¬ 
rounding a given net-point of the lattice, the potential energy per molecule 
of the crystal due to the intrinsic repulsive forces may be expressed in the 
form 

W n) -= W n ( "> + 2W 18 <" > + W 2! / rl \ (5) 

where W,, ,n> is the potential energy of an A1 ion due to all the, remaining Al 
ions ; 2W j2 u) is the potential energy of an O a ionic group due to all the Al 
ions, and 2W. i2 tH) is the potential energy of an 0 ; , ionic group due to all the 
remaining O ions. In these quantities the interaction of the ions of the 
particular Al 2 0 3 group under consideration is not included ; this is considered 
separately later (of. § 7). 

In obtaining expressions for \V n (H) , AV r2 (,<) and W 22 tM) , it is only necessary 
to take into account a few of the ions nearest to the ion considered, for the 
total contributions of the remaining ions to these quantities are negligible, 
owing to the rapid variation of the intrinsic repulsive forces with distance, 
i.e t) according to an inverse 11th power law for neon-like ions such as 0““ and 
A.V * H . 

(i) W 22 M) . Assuming a law of intrinsic repulsive force between O ions of 
the form (i a2 r"* the expression for W,./ 1 ' can be written in the form 




a“l 0 + r, 




+ *'q 


— (h„— 1) 


+ ...]. 


where a . r, refers to the distances of the 0 ions in the planes ± s. from an 0 
ion of the 0 ; > group considered in plane #•= 0. 

There is an infinite number of values of each of the distances ar„ but it is 
only necessary, as explained above, to retain some of their smallest values. 
Thus, neglecting the unnecessary values, W 22 u> can be written in the form 


wo - 


Jiia_ 


— • tti 


(»«-») 


where 




(n is - 1)6""' 

+ n l r l ~ <n *~' 1 -f n s r s -^~ l) ), 


( 6 ) 
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and n g indicates the number of times the distance ar t occurs. The values of 
and r t are indicated in the following scheme. 


« 0 . 

r 2 
r o * 

»i* 

f, s —4ir*/27( J . 

n s . 


9 

l 

3 

H“4A 2 

9 

* 

6 

1 + 3 A 8 

3 

J-h4A a —2A 

9 

J+3V-A 

0 

l+SA*—3A 

3 

J -J“4A 8 f 2A 

9 

H-SA‘+A 

S 

1+3A*+3A 

9 

l + A* 

3 

H3A*-2A 



6 

1 + A a —A 

3 

44-3AM 2A 

9 

3 

n 

4 -j- A 8 -f A 



6 

3+3A»-3A 

! 1 
! 




6 

3+3A*+3A 

3 

,’4-4 A* 



3 

3+3A«~0A 

1 

; + 4A a -4A 


i 

3 

3 + 3A*+tiA 

! 3 

H*4A*f4A 




1 

9 

i;+A 8 



9 

4 

9 

4+ A 2 —2 A 



ft 

44-3A 2 

9 

i l A 3 f 2 A 



9 

4+3A a -~0A 





6 

44-3 A 8 *f 9 A 

i 






(ii) W 12 (n) . The expression for this part of the energy, assuming a law of 
intrinsic repulsive force between AI and 0 ions of the form fjL 18 r’” Wl ', may be 
written 

W< w) = -iS2 

* «i* ~ 1 

where ra refers to the distance of the 0 ions from any Al ion, and the factor 2 
is included to account for $he two Al ions of the Al 8 O s group. 

Further, this may be expressed in the form 


where 


w,. w = :- ^V ^-- • il 


18 (« I2 — 1) b"“~ 


(7) 


and the values of r, and n, (the number of times the distance ar, occurs) are 
indicated below. 


*r 



*•,*—(o—rf)*/# s . 


r s *—(2c—d)*/a*. 

"*• 

%*-(c 4- 

3 

(1 — A)’ 

3 

H-A 8 ; 

s+ A* 

3 

Jr+ A 3 

3 

i + A 8 

3 

(l+w 

3 


sH“ A a “2A 

3 

i 4- A 2 — A 

3 

B A 8 ™ A 

6 

ft 

i-A+A* 

1 A 4- A 3 

3 

44- A 3 — A ; 

,;+A‘+2A 

3 

i+ A*+A 

3 

J f A*4- A 


(iii) W 1 , (n) . An expression similar to (6) and (7) can be found for 
viz., 


W 11 (n) = 


JilL 


(n n -l )*"«-• 


<f>n 


(»., - 1 ) 


s 2 


( 8 ) 
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and it may be shown that ^ n aw is considerably less than the corresponding 
values, of ^ 22 ao) anc ^ $i* m > whilst g u also is comparatively very small. For if 
p + be the diameter of an Al** + ion, and p and p be the force-constant and 
diameter respectively of neon atoms, the force-constant p n for A1 ions is given 
by 

t*u/n - (p + /p)-- 1 . m 

Thus, if we assume a probable value of the ratio of the si^e oi the A1 ion to 
that of the neon atom, and use the value of p for neon atoms (corresponding 
to n n — 11) given by Lennard-Jones, it is found that p n is about 0*01 or 
0*02. Consequently, the value of W u ln) is very small compared with W 22 <rt 
and W 12 ln> , and has therefore been neglected in these calculations. 

Thus equation (5) becomes 

W< w) = 2W 1 , W + W 22 (n) (5') 

and expressions for W 12 tft) and W 22 (re> have been found in terms of the force- 
constants and force-indices p 12? p 22 and n 12 , n 22 ; and the three parameters 
X, t and d/6. 

Further, expressing the energy in heat units (calories) per gram-molecule, 
equation (5') becomes 

U ( "> = 2U„W + U 82 <">, (5"). 

where 

IW"» = Wj"> . N./J » - n . <&, ra <"*.-i> (l, m « 1, 2), 

(n lm — 1) b 1 

writing 

<!>,„<«<-» =-. V"'-" • N/J. 

Here N — 6-062 . I0 113 and J = 4-184.10 7 ergs per calorie. 

Values of the functions <X> ia (10) and (since n n — n 22 = 11 for neon¬ 

like ions) have been calculated for a series of suitable values of X and t, and 
for two particular values of djb. These values are given in Tables III, IVa 
and IVb. 

§ 5. The Total Potential Emrgy. 

The total potential energy of the crystal expressed in heat units per gram- 
molecule is given by 

U = U“> + V M , . (9) 

where U (<> and U (nl are defined by equations (4') and (5") respectively. The 
values of U w) can be found from Tables IIa and IIb, and the values of U ( *’ 
can be obtained by using th« values of the functions <X> lm <10 ’ given in Tables 
III, IVa and IVb. 
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Thus the total potential energy of the crystal can be found for anj' value 
of b and any values of the force-constants and |a 12 . A typical set of 
results is shown in Table V, which gives the values of —U for b = 1*45 A., 
with |x 22 2 = 11 -0, [x J2 s=s 2-0 and djb = 0*54 . nj\/ 3 (a combination of values 
referred to later as II (4)). The values of —U are given in terms of large 
calories as units. 


Table V.—Values of the Total Potential Energy —U. 


A It. 

1 

2*0. 

2*2. 

„ j 

1 

2*6. | 

2*8. 

3*0. 

3-2. 

1 

0-25 

208*1 

291*9 

362-9 ' 

417*7 

465*5 

476-6 

! 481-4 

0-26 

261*0 j 

348*0 

427*8 | 

486*8 

524*3 

540*9 

537*3 

0*27 

298*8 | 

I 408*0 

495*3 i 

554*8 

586*8 

; 593*0 

! 574*8 

0*28 

350*3 

471*0 

559*9 

612*0 

030*2 

* 616*1 

j 573*1 

0*29 

403*2 

530*0 

011*7 

044*8 

632*8 

582*2 

498*9 

0*30 

463*1 

570*2 

034*4 

025*5 

558*4 

446*2 

299*7 

0*31 

492*8 

594*3 

600*0 

511*4 

348*3 

135*7 

— 107*0 

0*32 

509*4 

! 

558*0 

401*9 

! 

231*8 

- 92*2 

-463*1 

-847*1 


§ 6. Graphical Representation of the Results. 

Having obtained the values of the total potential energy U for a series of 
values of the parameters X and t y and for any particular values of b , djb , f* 2a 
and p, ia , it is possible to draw on a (X, t) diagram a series of contour curves 
passing through points for which the value of U is constant. The curves 
corresponding to the values of U given in Table V are shown in fig. 3 ; the 
numbers on each curve indicate the corresponding vahie of the total energy 
—U in large calories per gram-molecule. Similar curves have been obtained 
for other values of h, djb, pt 22 and 

Each set of curves defines a limiting-point P mf which is obtained by finding 
the point of intersection P of two diameters of each oval; P m is the limiting 
position of the various points P for the different ovals. Jt is clear that for the 
values of the parameters (X m , t m ) corresponding to the point P m , the value of 
the totyd potential energy, U m say (being negative), is a minimum, and so 
(Xm, t m ) define a configuration of the crystal which is in stable equilibrium. 
And if the values of 6, djb, fx 2a and fA 12 were known with certainty, the values 
of (\n> O thus obtained should correspond to the actual form of the crystal. 
However, since there is some uncertainty concerning the values of (x 82 and 
fi ia , and some experimental error in the values of b and djb , an attempt is 
made to obtain values of these quantities which will best explain the observed 
values of the distance a and the rhombohedral angle a of the crystals. Conse- 
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quently, curves have been drawn for various values of b and d/b y and for different 
combinations of values of p 22 and p 12) and the values of the minimum potential 
energy U m and of the parameters X m and ( m have been found in each case. 



; It should be noted that this determination of (X mi t m ) is unaffected by the 
addition to U of the potential energy of the A1 2 0 3 group around the origin, 
which has been neglected both in the calculation of the electrostatic energy 
and of the energy due to the repulsive forces (cf. § 7). For the potential energy 
of this group is independent of X and t, depending only upon the other para¬ 
meter d/b , and, of course, the force-constants pia and p 22 . Also the real 
minimum value of the energy will be obtained by the addition to U m , of the 
potential energy of this group for the appropriate values of 6, d/b, p 22 and p 12 . 
This is considered in detail later. 
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The values of X m and / m , obtained as described above, may be plotted on a 
(X, £) diagram, so that a curve, say, t m = <f> (X^), is obtained which has one value 
of b (a parameter of the curve) corresponding to each point. However, a 
more convenient graphical representation of the results is obtained by using 
as co-ordinates a m and a m . the values of the interatomic distance and the 
xhombohedra] angle respectively in the position of minimum potential energy, 
which are connected with X m and t m by the relations 

h X m o lrt and cosec 2 Ja r „ = 4 (| + 4rr/27/v). 

We thus obtain a curve, a m ~ (a m ) say, which also has one value of b 
corresponding to each point. 

The results arc collected in fig. 4, where P corresponds to the observed 
values of a m and a,„ for A1 2 0 3 , viz., a m —- 4*745 A. and a m — 85° 42f', and Q 
refers to Ke 2 0 ;) , viz., a m = 5*035 A and a w = 85° 42'. 



4«S 4 70 4 75 4*0 4*5 4 60 4-95 5«0 506 5 » $« 

in A 
Fig. 4. 


The curve marked 1(1) corresponds to the values dfb =^0*52 tc/Vs, pi M =^17*6 
and (jt 12 *= 1*0, and the points corresponding to 6 — 1*40, 1*45 and 1*50 A 
are indicated. An attempt was then made to change the force-constants so 
as to obtain a curve nearer to the “ observed ” point P, and it was found that 
by changing (jt 2a from 17*6 to 11*0 the curve, marked 1(2), was obtained. The 
curve, marked 11(2), corresponds to 1(2) but with the value of the parameter 
d/b changed to 0*54 7 t/a/3. 

The curve marked 11(3) is obtained by using the values djb = 0*54 nf\/\ 
P 22 ~ 17*6 and ft l2 “ 1*7 ; and the curve marked 1(3) is the corresponding 
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curve for the other value of djb = 0-52 nj\/ 3, Again, by altering the force- 
constants to (x 22 = 11 *0 and pi 12 — 2*0 the curves, marked 1(4) and 11(4) 
respectively, are obtained for the two values of the parameter d/b . The 
further curve T(5) is obtained by using the values djb = 0*52 w/V^, fx a2 ™ 11 -0 
and jjl 12 = 2* 1. 

§ 7. The Addition of the Energy due to the remaining A1 2 0 3 Group. 

The electrostatic potential energy U 0 W of this remaining Ai 2 0 3 group 
around the origin is simply that of the charges which have been neglected, 
viz., a 4Gj group of charges in the plane z ™ 0, a 6G a group in each of the 
planes z = d and charges 9c at z = f : 'M and — 36c at z = ± d. Thus 
we have 

U 0 W = !, . f»{h fsVs - 72 (J + + 1* (6/flf)] . N/4, 

- J ;h . 1-781 42 . 10" for djb ' : 0-52 njVs. 

and 

- 1/6.4*687 68 . 10° for djb - 0*54 tt/V^ 

in calories per gram-molecule with b in A units. 

Further, the energy of this A1 2 0 3 group due to the intrinsic repulsive forces 
can easily be found to be 

Uo w - l !b w • [(x 22 /81 + 6 [x 12 (1 + W + pq, (6/2f/) l0 | . N/J . 10"* 

expressed in calories per gram-molecule, with b in A units. 

The values of U 0 , that is, U 0 (rt + U 0 { "\ the total energy of the group, are 
indicated below in Table VI for various values of the three quantities dfb, 6, p, 2i! 
and The notation is the same as in fig. 4 ; for instance, 1(2) refers to 

djb a 0*52 . njVJ, fx 23 ~ H*0 and p, 12 ^l-0. 

The values of obtained as described in § 6, are also indicated together 
with the values of the total energy U 0 -f U w . The units are large calorie* 
per gram-molecule. 
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Table VI. 



6. 

ty». 

iy«). 

u 0 . 

u M . 

u,+u m . 

f 

1-40 

3 417 

192 

3 225 

674 

3 899 

1(2) .J 

1*45 

3 300 

136 

3 164. 

740 . 

3 904 


1 50 

3 190 

97 

3 093 

805 

3 898 

l 

1-55 

3 087 

. 70 

3 017 

(870) 

3 887 

r 

1-40 

1 417 

,117 

3 100 

555 

3 655 

1(4) .<j 

1-45 

3 300 

224 

3 076 

609 

3 685 

l *50 

3 190 

159 

3 031 

663 

3 694 

1 

1-56 

3 087 ! 

115 

2 972 

(717) 

3 689 

r 

1-40 ! 

3 417 

330 

3 087 

545 

3 632 

1(6) . \\ 

1 45 i 

3 300 ! 

232 

3 068 

599 

' 3 667 

ISO ! 

3 190 j 

,166 

3 024 

654 

! 3 678 

l 

1-55 ! 

1 

3 087 

119 

2 968 

(708) 

3 670 

r 

1-40 

1 3 348 

i 276 

3 072 

592 

3 664 

11(4) . \ 

1*46 

1 3 233 

194 

3 039 i 

648 

3 687 

1*50 

i 3 125 

l 138 

2 987 | 

704 

1 661 

l! 

1-55 

| 3 024 

i 

100 

; 

2 924 j 

(760) 

3 684 


§ 8. Discussion of the Results. 

8.1. We will first consider the curve 1(1) in lig. 4. The value of the para¬ 
meter djb for this curve is very nearly equal to the observed value for A1 2 0 3 , 
and the value of (jl 22 = 17-6 is the value of the force-constant for 0 ions 
given by J. E. Lennard-Jones and B. M. Dent.* The value of for A1 and 
O ions has not been found, but an estimate of its value can be made. It has 
been indicated in § 4 how an approximate value of p n for Al ++ + ions can be 
obtained, so that using the relation*!* 

+ (ll>> 

and the values of [x u and (jl 22 , an approximate value of p, 12 is found, viz., 
fijs ^ 1 *G- 

The curve 1(1) corresponds to these values of djb , p 22 and p 12 for A1 3 0 3 , 
but it does not pass through the point P corresponding to the observed values 
of a m and a* for A1 2 0 3 , which signifies that the above values of djb , fx 22 and 
fx u which have been used will not give ail exact explanation of the observed 
size and shape of the crystal. 

A comparison of the curves 1(1) and I (3) gives an indication of how a change 
in the force-constant p ia alone (from 1*0 to 1*7) affects the results. The 
curve undergoes a comparatively large translatory shift almost parallel to the 

* * Hoy. Soe. Proc.,* A, vol. 112, p. 230 (1926). 
f Of. equation (2.05), 1 Hoy. Soc. Proc.,’ A, vol. 109, p. 483 (1925). 
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a-axis, which shows that no probable change in u 32 alone will yield a curve 
passing through the “ observed ” point P. For in order to accomplish this, 
(jt 12 would have to be reduced to nearly zero, and such a large change is un¬ 
tenable. But the curve I (2) indicates that soma change in the force-constant 
[i 22 alone will produce a displacement of the curve so as to make it passthrough 
P. Also the curve II (2) shows that by increasing the value of the parameter 
djb, the curve is moved further away from P, and hence it might be concluded 
that an appropriate decrease in this parameter will give a curve passing through 
P ; with [i. 22 — IPO, the value djb ~ 0*51 . rc/\/3 would seem to be suitable, 
it is therefore clear that retaining the value p 12 = 1*0, suitable changes in 
fx 22 and djb will give a curve passing through P. Also these possible changes 
may be conveniently chosen so as to obtain a minimum value of the total 
potential energy U 0 + U m , corresponding to a value of b as near as possible 
to the observed value. The various possible changes will thereby be much 
restricted. 

The sets of values of the total energy U 0 + U m , some of which are given in 
Table VI, are of great interest, because they all indicate a definite minimum 
value of the energy, which would seem to show that the forces treated of in 
this paper can give a very good account of the equilibrium of the crystals. 
This fact is of greater interest since it was not possible to obtain definite energy 
minima for the crystals of sodium nitrate NaNO a and calcium carbonate 
0aC0 3 (c/., * Roy. Soc. Proc.,’ A, vol. 113, pp. 672-S (1927)). In fig. 4 the 
point on each curve corresponding to the minimum value of the total energy 
U 0 + U m is indicated by a square. 

For the combination of values of p 22 , p 12 and djb indicated by I (1), the 
values of U 0 4-U m have a minimum value (maximum numerically) for a value 
of b between 1 *50 and 1 • 55 A. For the values I (2) the minimum value of the 
energy occurs for 6 = 1 *44 A approximately, which is in excellent agreement 
with the observed value of 1* 44 A ± 0*015 for the A1 2 0 3 crystal. Moreover, 
the values of a m and a* at the point on the curve I (2) corresponding to b = 1 * 44 
are 4*745 A and 85° 27' respectively, which agree very well with the observed 
values, viz., 4*745 A and 85° 42£'. Of course this agreement will be slightly 
changed, but not impaired, for a curve passing exactly through P. For 
instance, the curves I (2) and II (2) indicate that for a value of djb approxi¬ 
mately equal to 0*51 7 t j\/% a curve will be obtained which passes through 
the point P, and, further, that the point of “ absolute ” minimum energy (that 
is, the minimum value of TJ 0 + U m ) on this curve corresponds to a value of 
fc * 1 *45 A approximately. And at this point the values of a m and a m are 
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about 4*76 A and 85° 48' respectively. This probable curve through P is 
indicated by a dotted line in fig, 4. It is therefore sufficiently clear that we 
can derive an estimate of the force-constants and p, 12 , and of the ratio d[b, 
which will give an accurate account of the observed values of a m , and 6 for 
the AI 0 O 3 crystal. Before doing this we can consider the information obtain¬ 
able from the curves which correspond more nearly to the crystal Fe 2 0 3 . 

8.2. The observed value of the parameter djb for Fe 2 0 3 is 1*44/1-47 
{neglecting probable errors of measurements) which is almost exactly equal 
to the second value of d/b that has been used, viz., djb = 0-54 , rc/\/3. Also a 
value of p 12 = 1*7 for Fc* + and 0 " ions has been found by J. E. Lennard- 
Jones and B. M. Dent* from calculations on FeCO a , and so this value was 
used tentatively, although in Fc a 0 3 the Fe ion is not doubly, but trebly ionised. 
The curve II (3) corresponds to the values djb = 0*54 , tc/V3, (jl 22 =17*6 and 
fx 12 = l *7, which thus appear to be inadequate to explain the observed data 
of FcjjOy. The curve II (4) is obtained by altering the force-constants to 
(x 22 = 11*0 and = 2 * 0 , which indicates that no probable changes in the 
force-constants alone would displace the curve sufficiently as to make it pass 
through the 44 observed ” point Q. However, if the other value of the para¬ 
meter d/b, viz., 0*52 tc/V 3, be used, keeping fx 2a = li *0 and (x l2 = 2 * 0 , a 
curve is obtained which passes almost exactly through the point Q, that is, 
the curve I (4). The curve I (5) indicates the further alteration effected by 
changing (x t2 from 2*0 to 2*1. This curve also almost passes through Q. 

The values of U 0 -f U m corresponding to the curves I (4) and I ( 5 ) are given 
in Table VI, and they indicate “ absolute ” minima of the energy for values 
of b equal to 1*51 A and 1*52 A approximately. These values arc in good 
agreement with the observed value of b = 1*47 A ± 0*035 for Fe 2 0 3 . Also 
corresponding to these values of 6 the values of « m and given by the curves 
1(4) and 1 (5) are 5*03 A, 85° 42' and 5*055 A, 85° 45' respectively, which 
are in very good accord with the observed values of 5*035 A and 85° 42'. 
It is, therefore, clear, as in the case of Al a O s , that a convenient choice of the 
values of the force-constants fx 22 , |x l2 and the ratio d/b can be made in order 
to give an accurate account of the observed quantities involved in the crystal 
structure, viz., a m , a m and 6 . 

8.3. The combined results for A1 2 0 3 and Fe 2 O a would therefore seem to indi¬ 
cate that in order to explain the observed crystal data, it is necessary to adopt 
a value of (x 22 different from that given by J. E. Lennard-Jones and B. M. 
Dent, and a value of the ratio djb slightly different from that obtained from 

♦ 4 Hoy, St*. Proc.,’ A. vol. 113, p. 6t*6 <1927). 
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observations : a change in or djb alone would be inadequate. Further r 
the above considerations show that of the many combinations of values of the 
quantities p 22 and djb which might be taken in order to obtain curves passing 
through the observed points P and Q, the values given in the following table 
(involving the same value of the 0-0 force-constant p 22 , which is common to 
both cases) seem best to give a good explanation of the observed facts for 
both crystals. (The force-constants are in such units as give the force in 
dynes when the unit of length is the A.) 



i 

! ** 

Mu- 

| dib. 

Al f O a . 

no 

! 

1*0 

0-51 

Fc*O g ... 

11 o 

2*0 

0-52 w/v'3 


8.4. The values of djb for A1 2 0 3 and Fe 2 0 3 derived from observations are 
approximately 0*52 n/VS and 0 * 54 7zfy/% respectively, so that the alteration 
in this quantity indicated in the above table is about 2 per cent, for A1 2 0 3 
and about 4 per cent, for Fe 2 0 3 . These alterations are within the limits of 
error of the observations (ef. table in § 2), as the following values indicate. 
For, the calculated value of d for A1 2 0 3 , using b = 1 • 45 A and djb = 0*51 tt/ V3, 
is 1*34 A while the observed value is 1*37 A ±0*03; and similarly for 
Fe a 0 3 using 6 = 1*51 A and /?jb = 0*52 n /\Z< 3^ d =• 1 * 42 A and the observed 
value is 1*44 A ±0*05. The agreement is very satisfactory. 

However, an examination of fig, 4 indicates that it might be possible by 
decreasing djb to a larger extent, whilst leaving fi 22 unchanged at its original 
value 17*6, to obtain curves which pass through the “ observed ” points P 
and Q respectively. (But it is to bo noted that it cannot be stated without 
detailed examination that such a combination of values of djb and (x 22 would 
result in a minimum value of the total energy U 0 + U w for values of a m , a*, 
and b close to the observed values, as has been observed above.) It seems 
clear, however, that the requisite decrease in d/b would have to be about 10 
per cent. This would mean, if we ascribe this decrease in djb to a decrease 
in d alone whilst b remains unchanged, that the A1 (or Fe) ions would be 
practically equidistant from the six surrounding O ions. But Pauling and 
Hendricks,* as a result of accurate measurements, conclude that the A1 (or 
Fe) ions are not equidistant from the six surrounding O ions, but are so arranged 
that three O ions are nearer than the other three. For instance, in Al a O # the 
♦ Pauling and Hendricks, Joe. c it. 
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distances axe 1*990 A 4; 0*020 and 1*845 A ± 0*015. This experimental 
fact makes the assumption of such a large decrease in d alone untenable. 
Further, if we consider this decrease in djb to be due to an increase in b alone, 
the inequality in the distances of the 0 ions is very much increased ; that is, 
taking b asa 1-58 A in Al 2 0 3 the distances of the O ions surrounding an A1 
ion are 2*091 A and 1*769 A. Such a large difference in the distances seems 
unlikely physically. Of course, we could avoid this large difference in the 
O-AI distances whilst retaining the value b = 1*58 A, by making d smaller, 
but since this involves a further decrease in the ratio d/b , it cannot seriously 
be considered. 

I t is worthy of note also, that a value of b = 1 *58 A corresponds to a value 
of X = 1*58/4*745 or approximately J, which indicates that the O ions would 
be accurately in hexagonal close packing (cf. fig. 1). W. L. Bragg and O. B. 
Brown* in a paper on the structure of chrysoberyl have pointed out the simi¬ 
larity in the structures of the crystals BeO, A1 2 0 3 , BeAl 2 0 4 and MgAl a 0 4 , 
indicating that a common principle governs all four structures, namely, the 
hexagonal close-packing of the O ions at a distance of about 2*7 A apart. 
Thus it would seem that in A1 2 0 3 this arrangement of the O ions plays a pre¬ 
dominant part in determining the structure of the crystal, but that there is a 
certain small distortion of the hexagonal close-packed arrangement, with the 
Al ions in some of the interstices of the structure. The considerations of this 
paper indicate that theoretically, in terms of the electrostatic and intrinsic 
repulsive ionic-forces which have been considered, an exact hexagonal close- 
packed arrangement, of the O ions is not compatible with the observed size 
and shape of the crystal. Theoretically there must be some slight distortion 
from the close-packed arrangement (as indicated by the values of djb and 6, 
t.e., d and 6), and it has been shown that for the values of the force-constants 
p a2 and p J2 given earlier in this paragraph, a very good account can be given 
of the observed amount of the distortion and also of the other measurable 
quantities involved in the structures of the crystals, viz., a m , a m and b . 

8.5. Finally the values of the force-constants p 12 and p 22 may be considered. 
The values p 12 = ] *0 for Al 4 " 1 '* and O ions, and p 12 “2*0 for Fe +++ and 
O ions, might be taken as approximate values of these force-constants deduced 
by the methods of this paper. As has already been indicated the former value 
agrees with that obtained by using the relation (10) (cf § 8.1), whilst the latter 
is somewhat larger than the value 1*7 found by J. E. Lennard-Jones and 
B. M. Dent for Fe* + and O ions. Further, the value p a2 = 11*0 for O 
* £ Roy. Soc. Proc%,’ A, vol. 110, p. 34 (1926). 
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ions yielded by the considerations of this paper is much smaller than the 
value 17-6 obtained by the above authors. However, it appears that even 
such a big reduction in the value of this force-constant will not seriously affect 
the calculations on other crystals which they have previously made. For 
example, if we consider the crystal MgO and re-calculate the interatomic 
distance a of the crystal, using the new value (ju 2 —11*0 and taking the force- 
index to be 11, the value of a so obtained is altered from 2*10 A to 2-07 A, 
while the observed value is 2*09 A. And even this discrepancy can be nullified 
by a very slight increase in the value of jx 12 for Mg 1 f and O'" ~ ions ; this is, 
in fact, the most important force-constant so far as concerns the statical 
equilibrium of the MgO crystal. Further, it is clear from the method of 
calculationf of the force-constants that they may in error to a large extent; 
for the force-constant for ions is calculated from the formula 

pu 2 = (p /p) 10 • (a 00 , where p /p is the ratio of the diameter of the 0 ion 
to that of the neon atom, and pt 00 is the force-constant for neon (w — 11). 
But the value of p /p given by WasastjernaJ is not very exact, and since this 
quantity has to be raised to the tenth power and multiplied by p 00l a small 
error in it may cause a large error in the resulting value of ti 2V 

It is therefore important that the accuracy of the values of the force-constants 
should be tested by considerations of the equilibrium of crystals, other than 
those used in the original determination of the force-constants, and particularly 
crystals such as those treated in this paper, for which the configuration of 
u absolute ” minimum potential energy is fairly sensitive to changes in the 
values of the force-constants. It is therefore probable that a more accurate 
determination of the force-constants will be thus obtained, and as indicated 
above, such considerations for A1 2 0 3 and Fe 2 () 3 yield a value fjt 22 = 11*0 
for the force-constant for 0 ions. 

With this additional information concerning p. 22 , it is of interest to re-consider 
the results obtained earlier for sodium nitrate, NaN0 3 .§ It was found thaf 
by using the value (jl 22 = 17*6, a theoretical series of possible stable con¬ 
figurations of the crystal was obtained, which did not include the observed 
configuration. But it was shown that for various combinations of values of 
the force-constants p. 12 for Nn + and 0"~ ions and fx 22 for 0~~ ions, a theoretical 
series of configurations could be found which did include the observed con¬ 
figuration. However, it was not possible, without additional evidence, to 

t Lennard-Jones and Taylor, * Boy. Soc. Proe./ A, vol. 109, p. 485 (1925). 

I * Soc. 8oi. Fenn. Comm. Phys. Math./ vol. 1, p. 38. 

§ Topping and Chapman, * Roy. Soc. Proc., ! A, vol. 113, p. 058 (1927). 
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decide which of the many combinations of values was the correct one. Conse¬ 
quently the calculations have been repeated using the value p 22 = 11*0, and 
it has been found that the line of possible configurations on the (a m , a m ) diagram 
almost exactly passes through the “ observed ” point for NaN0 3 , if a value 

p 12 =» 2*9 be used. The value of p 12 for Na 4 and 0. ions given by J. E. 

Lennard-Jones and B. M, Dent is 2*55, so that the necessary alteration in 
this value is only about 14 per cent., which is reasonably satisfactory. 

It is probable that similar calculations for the carbonate crystals MgCO s 
and CaC0 3 will also give fairly satisfactory results ; that is, using the value 
u 22 s 11*0, a theoretical series of configurations can be found which includes 
the observed configuration, if for each crystal some reasonable change is made 
in the value of found by the above authors. But since these crystals do 
not provide a very good criterion for the determination of the force-constants, 
and particularly because of the complexity of the CO* (or N0 3 ) ionic group, 
and the uncertainty concerning the forces operative between the various ions 
of the group, it does not seem worth while to make the detailed calculations. 
However we may conclude that the results for NaNO a do not conflict with 
those for Al 2 O s and Fe 2 0 3 , and the balance of evidence is in favour of some 
considerable reduction in the value of the force-constant p 22 for O ions, as 
indicated above. 

8.6. In conclusion the author wishes to express his best thanks to Prof. S. 
Chapman, F.R.8., for his advice and encouragement throughout the work, 
and to Prof. W. L. Bragg, F.R.S., for his help concerning some of the physical 
questions involved. 


LIST OF SYMBOLS USED IN THE PAPER. 

a ** length of aide of the equi-angular networks which lio in planea perpendicular 
to the trigonal axis of the crystal. 

c distance between successive planes of 0 ions perpendicular to the trigonal axis. 

6v 7 3 — length of side of the triangle of 0 ions which surrounds each net-point. 

2d zx distanoe between the two A1 ions of the Al g O s group around each net-point. 

A sa bja, t 2nu/*iV2c, 

a the characteristic rhombohedral angle of the crystal: it satisfies the relation 
oosec* Ja ™ 4 (I 4- 4tr*/27( 8 ). 

Mm — force-constant involved in the assumed law of intrinsic repulsive force between 
O ' - ions, viz., /* ia r u , where r denotes distance. 

* force-constant for A1' ' + and O ions, corresponding to a law of force of the 
form fi lt r u . 
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Summary. 

The considerations of this paper show that by postulating a form of the 
crystals in which the ions are regarded as point-charges between which electro¬ 
static and certain intrinsic repulsive forces are assumed to be operative, a 
very good account can be given of all the observable quantities, that is, a, a, 
b and involved in the structures of the crystals A1 8 0 3 and Fc 2 O a . 

It is further indicated that theoretically an exact hexagonal close-packed 
arrangement of the 0 ions is incompatible with the observed values of the 
interatomic distance a and the rhombohedral angle a, and that there must be 
some small distortion from the exact arrangement. Tliis distortion is indicated 
by the mutual distances of the ions of the Al 2 0 3 groups which surround the 
lattice-points, that is, by the value of the distance 2d between the A1 ions and 
the distance b\/ T S between the 0 ions of such an A1 2 0 3 group. These results 
are in good agreement with experiment. 

Also, estimates of the values of the force-constants for AD w and O ' ions, 
and for Fe ++ * and 0 " ions are found, and a value p 22 ~~ 11 for ions is 
obtained which is considerably less than that given by J. E. Lennard-Jones 
and B. M. Dent. Using this value of p 22 , crystalline sodium nitrate has been 
reconsidered and reasonably satisfactory results have been obtained. 


von, cxxn.— a. 


r 



274 


Elastic Constants of Fused Quartz . Chamje of Young's Modulus 

with Temperature . 

By H. D. H. Drane, M.Sc., Ph.D. 

(Communicated by Lord Rayleigh, F.R.S.—Received August 11, 1928.) 

When fused quartz is heated, its elastic constants for stretch shear and bulk 
change all increase, a sharp distinction in behaviour from that of most other 
elastic solids. 

An elastically-stretched fibre becomes shorter upon heating, and a strained 
torsion member reduces its twist for a given twisting effort; and so forth. 
The changes of shear modulus with temperature have been studied in detail 
(22 to 98° 0.) by Threlfall* and later by Hortonf to about 1000° C., who used 
methods of experiment based upon the changes in period upon heating, of a 
torsional pendulum having fused quartz as the elastic member. The results 
of Horton’s experiments showed a continuous increase in modulus up to about 
880° C. beyond which temperature the modulus rapidly diminished. At 
880° 0. the modulus was 5*9 per cent, greater than at 15° C. and the mean rate 
of increase up to 500" C. was 0*85 x 10 4 per degree Centigrade. The increase 
is more rapid at lower temperatures, thus, in the interval 20 to 100° C. mean 
rate of increase per degree Centigrade was found by Horton to be 1*25 X 10 \ 
which is in good agreement with the earlier determinations made by Threl¬ 
fall. At still lower temperatures, and using the same method of torsional 
oscillation, Guye and Einhorn-BoikechowskiJ showed that the mean tempera¬ 
ture coefficient in the interval —194° C. to 0° C. is 1*40 X 10 4 per degree 
Centigrade, and that there is no major discontinuity in behaviour in this 
range. 

The information concerning the changes in Young's modulus of fused quartz 
is not so complete or exact. Only a cursory investigation upon the subject 
has been made by Lees and his co-workers§ while studying the effect of tempera¬ 
ture upon the Young's modulus of various inetals. In this work, large (more 
than 100 per cent.) changes were reported on the modulus in the interval 20 to 
600° 0., together with the display of maximum and minimum points, but such 

* * Phil. Mag.2 vol. 30, p, 99 (1890). 
t * Roy. Soc. Proo.,* A, vol. 74, p. 401 (1905). 
t 1 Arch. Soi. Phys. Nat.,’ vol. 4, p. 41 (1916), 

§ ‘ Proo. Phys. Soc. Lond.* vol. 36, p. 405 (1923). 
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large changes and irregularities have not at all been confirmed by my present 
investigations. The method used by Lees was based upon the changes in 
elastic deflection suffered by a small (5 cm. length) cantilever of silica end loaded, 
or by a specimen of silica fibre deflected under its own weight. Observations 
were made directly of the movement of the end of the specimen, which was 
arranged within a small tube furnace, about 7 cm. long by 3 cm. diameter. 
While correctly allowing the change of modulus to be stated as an increase 
with rise in temperature, the experimental details did not permit a high 
accuracy to be realised. It would appear probable that some of the irregular 
effects observed by Lees in the experiments with silica must be attributed to 
the method adopted for support of the test specimens. 

The changes in Young's modulus over any range of temperature are most 
conveniently studied with a specimen in the form of a cantilever beam. A 
simple extension member demands a long uniformly-heated furnace with all 
its attendant difficulties—as Threlfall ( loc. cit p. 115) has already pointed 
out—whereas the cantilever specimen can be small and kept at a uniform 
temperature' without using a furnace of unusual size or complexity. The 
experimental arrangements used in the present investigations are shown 
in fig. 1 {a) and 1(h) below. 


X AY 



The essential observations were of the deflection at a fixed temperature (15° 
C.) and the changes in deflection of the small loaded cantilever A of fused 
quartz as the temperature of the specimen was varied. The method being 

t 2 
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static is suited to use only within a temperature range where viscous motion 
in the specimen is not apparent. With the dimensions of the specimens and 
the loadings used the maximum temperature up to which measurements could 
be made accurately was about 700° C. For measurements above room 
temperature the arrangement shown in fig. 1 (a) was used. The specimen A 
was in the form of rod approximately 1 * 5 mm. diameter by 2 to 3 cm. in length 
and was attached by fusion at its ends to the tubes BX and YD. These were 
also of fused quartz and neither was measurably deformed with the loadings 
used. At B the left-hand supporting tube was clamped as rigidly as per* 
missible. No vertical displacement was possible, but slight pivoting occurred 
in the plane of the diagram about a point within B. This was measured at X 
and applied in the calculation of the total elastic deflection—measured at D— 
suffered by the specimen. YD served as a pointer to magnify the motion of 
the end of the test specimen, and at D, and carried a fine sighting fibre arranged 
vertically which moved in the field of view of a reading microscope. Before 
assembly the hook C was attached by fusion immediately below the centroid 
of YD, and YD together with C was weighed before fusion to the specimen. 
The attachment of this hook was thin and flexible, so that weights hung from 
it were applied truly at the centroid of YD. With this arrangement the latent 
initial deflection at D, due \o the weight of the pointer rod YD, was easily 
determined by adding additional weight at D. The usual total loadings 
arranged at C were between 10 and 20 grs. EF represents a small wire*wound 
silica tube furnace 2*5 cm. internal diameter by 30 cm. long. During an 
experiment the ends of tins furnace were closed with asbestos shields carrying 
short (2 to 3 cm.) lengths of silica tube, which allowed free movement of the 
support and pointer rods but largely prevented air circulation. The overall 
dimensions BD was about 60 cm.; YD, 40 cm. The temperature of the 
specimen was measured within 1° C. by a rare metal thermocouple and rnilli- 
voltmeter combination which was specially calibrated for this work at 100° C. 
(steam point), 327° C. (lead melting point), and 575° C. (a — p quartz 
transformation point). The hot junction of the thermocouple was placed 
within 1 mm. of the specimen and good temperature equilibrium was obtained 
with heating rates less than 3° C. per minute. 

To perform an experiment C was loaded by brass weights, suspended in 
water to damp oscillations, so that the total elastic deflection measured at D 
was about 3 cm., the apparatus being arranged so that the rod YD was hori¬ 
zontal when fully deflected ready for measurement. Movement of D upon 
heating was observed in the eyepiece of a reading microscope, which measured 
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units of 3*06 x 10~ 3 cm., and with which estimates to 3 X 10~ 4 cm. could 
be made. In all experiments the initial observation of the induced elastic 
deflection due to the loading was made at room temperature and corrected 
for any material deviation from 35° C.; thereafter upon heating only the 
changes in deflection were observed. 

For the experiments at low temperatures the apparatus was modified as 
shown in fig. 1(b) by fitting a cup KK of fused quartz around the specimen A 
and fusing this to the rod BX. A rigid tube T was fused on to BX below its 
junction with the cup mentioned above and drawn out to a point P. This 
point was arranged to be in coincidence with 1) when YD hung vertically below 
A. The apparatus was then reversed so that P was uppermost, and deflected 
from the vertical so that D moved away from P. The distance PI) was 
measured and the movement of I) observed as previously, when K was filled 
with liquid oxygen. The angular deviation of the pointer rod YD from the 
vertical was also measured and the experiment repeated for several different 
angular positions of the apparatus. YD in this assembly was about 65 cm. 
long, and the angular displacements used in the experiments were between 
15° and 45° from the vertical. Referring to the diagram shown in fig. lc 
the deflection observed at D for a loading of mg. at 0 may be written 


■ 22 . 

2KI 


al 2 


£ + 


m/j 

B1 


abl 


2 j 


the two terms representing the deflection of the specimen at Y and the magnified 
sweep of D about Y due to the inclination of the end of the specimen respectively. 
I is the moment of inertia of the specimen regarded as uniform throughout 
its length and E is the Young’s modulus. The dimensions a } b and l are shown 
in the diagram fig. I (c). With the dimensions of the apparatus used, the first 
of these two terms accounted for from 2^ to 4 per cent, of the observed motion 
at D, and the main effects of the dimensional alterations in the specimen and 
the pointer rod may be accounted for as below 

Eh/E,, « (I + 8/\) _1 {I - a* ('* - h )}, 

where S is the increase in deflection observed in the temperature interval 
denoted by the subscripts t t and t s . For a positive temperature increment, 
8 is negative. YD is regarded as heated for half its length—a close approxi¬ 
mation, « is the mean coefficient of linear expansion of fused quartz in the 
range considered. The correction implied by the second bracket, and which 
accounts for the dimensional changes occurring, is small. For the interval 
15 to 700° C. it requires a correction of —0-05 per cent, to be applied to the 
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values of the modular ratio determined by the approximate relationship 
* (1 + The requisite correction has been applied to tKe 

values shown in Table I. With the inclined arrangement of the apparatus 
for measurements at low temperatures the following relationship may be 
shown to apply 

EJB (| - (1 + $J\Y l (1 + 8 cot 8/6){l - 4a (t % ~~ /,)}, 

where 0 is the angle of deviation of the pointer rod from the vertical and h 
its length. The correcting factor for dimensional changes appears here as 
I. — 4a ($2 — *i) since only the specimen undergoes dimensional alteration, 
but the correction implied is particularly small in the interval concerned, 
15° C. to — 183° €., fused quartz exhibits a minimum length -and amounts 
only to 0*002 per cent, in this interval. 


Table 1. 




Mean temperature 

Mean temperature coefficient 

Temperature, 

Katio Ko/Ejj. 

eueOicient 

between successive 

$°G. 

from 16° ( \ 

temperatures. 

-183 

0-9805 

l-BS x 10'* 

1U0 x 10-* 

16 

1-000 


1-05 

100 

1-0140 

1-06 X 10 * * 

1*38 

200 

1•0280 

1*61 t 

1*26 

300 

1*0410 

1*44 

110 

400 

1 0626 

1*3H 

0-95 

600 

1 * 0026 

1*20 ' 

0*84 

eoo 

1*0716 

1*22 

i 0*70 

700 

1-0790 

1-16 

__ 1 



Five test specimens were used in the various experiments performed, made 
up from three specimens of quartz of differing geological origin but no syste¬ 
matic differences in behaviour were observed. The irregularities which were 
observed lay within the limits got in making re-tests upon an individual speci¬ 
men. The general behaviour was a continuous increase in modulus from 
—183° C. to beyond 700° C. and the averaged performance is shown quantita¬ 
tively in the table below and by the continuous curve in fig. 2. 

In view of the known expansion behaviour of silica at low temperatures, 
the continuity of the change in modulus between —183° C. and room tempera¬ 
ture was examined particularly so far as the experimental arrangements per¬ 
mitted. Upon each cooling to —J 83° C. and subsequent heating of the speci¬ 
men, the drift of the pointer was observed closely but no stationary point was 
shown which a minimum value of the modulus would require. The value 
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observed at —183° C. is in fair agreement with the rate of change, observed 
above 15° C\, but closer inspection of the values showfi in Table l suggests 



some irregularity of behaviour between room temperature and —183° 0. 
The minor and unsystematic differences in behaviour at higher temperatures 
observed in passing from specimen to specimen were apparent in re-tests upon 
any one specimen, but sufficient experimental evidence is not yet available to 
give a dear exposition of the mechanism of theseir regularities. They are 
certainly not due to any visible phase change in the specimen. The moat 
noteworthy effect was observed in re-tests of the various specimens, and was 
an apparent increase in viscosity after heating. This is exemplified by the 
recorded points of turnover in the experiments below. In the successive 
experiments shown in Table II and except for heats 2 and 7, heating was 
continued until the deflection of the specimen became stationary and thereafter 
increased continuously due to viscous flow. The rate of distortion at 750° C. 
after heat No, 10 was per minute 0*027 per cent, of the total elastic deflection, 
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and in the earlier heats this rate was approximately realised at correspondingly 
lower temperatures roughly in each case 30° C. above the temperature given 
as point of turnover. At 600° C. after heat No. 10 the viscous displacement 
did not amount to 0*01 per (rent, of the total elastic deflection for a period of 
2 hours. 

Table II. 


Sequence 

Point of 

t Maximum 


Induced elastic 

of 

turnover 

1 temperature ! 

Ratio K ;ioq /K u . 

deflection at I5 r 0. 

heating. 

r. 

‘V: j 


(fixed load). 



; j 


cm. 

1 

005 

050 

1-040 

1-980 

2 


i 420 

1 -0402 

1 *970 

3 

050 

070 i 

1 0305 

1 • 985 

4 

' 090 

i 740 

10410 

J *990 

5 

705 

702 

1 -031*0 

1 * 995 

8 

735 

; 770 

1•0435 

1-900 

7 

! 

332 

10415 

1 *955 

8 

! 725 

! 700 ; 

1 0387 

1*900 

9 

! 715 

750 j 

1*0415 

1*970 

10 

720 

i 

i 705 

1*0415 

1*907 


As shown in Table 11 above, semi-permanent changes were also observed 
in the value of the modulus after cooling to room temperature and these are 
illustrated bv the successive values of the induced elastic deflection at 15° <!. 
with a fixed load. A part of these changes is to be attributed to dimensional 
alteration of the specimen during viscous displacement under load, but this 
agency was secondary to the thermal treatment of the specimen. Slight but 
measurable changes in the modulus were observed after heating only to 
420° C., see column 5, Table 11. 

There appears to be some close relationship between the optical anomalies 
found by Rayleigh* in examining specimens of vitreous silica, and the irregu¬ 
larities in mechanical behaviour found in the present investigation. These 
optical anomalies displayed many of the characters observed by Lehmann in 
studying “ liquid crystals, M and the present behaviour is in agreement with the 
occurrence of such changes. It is not suggested that fused quartz exists in 
different allotropic forms which change over with the display of marked dis¬ 
continuity in ordinary physical properties—this in fact is contrary to experience. 
The differences, however, between any co-existing phases appear to be shown 
up best by optical and particularly by mechanical methods of test; and a 
co-related optical and mechanical investigation offers itself as a useful method 
* ‘ Boy. Noe. Proe,/ A, vol. 98, p. 284 (1921). 
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of enquiring into the mechanism of these changes. This general aspect of 
the behaviour of fused quartz appears not to have received the attention in 
the literature which it deserves. Apparently the semi-permanent changes in 
modulus which were induced by the thermal treatments used in the present 
investigations are much less than can be realised. Various authors have made 
determinations of Young’s modulus for fused quartz at room temperature upon 
isolated groups of specimens, obtaining average values which range from a 
minimum of 5*2 X 10 u dynes /cm. 2 , up to 7*15 x 1.0 U dynes /cm. 2 . 

The values which are given are summarised below : 


Table 111. 


ThiX'lfall . 

Boys. 

Auerbaoh 

Schulze . 

Hcymane and AIHk 
D rone . 


5*2 x 10 u dynes/ctu, 2 
no v lo n dynes/cm. 2 
7 15 10 M dynes jam. 

0*2 > 10 n dynes/om.* 
(>*9 x 10 U dyncH/cm. 2 
0-7 a 10 n dynew/cm. 2 


‘ Phil. Mag.,’ vol. 30, p. 00 (1800). 

‘ Phil. Mag.,’ vol. 30, p. 118 (1890), 

‘ Ami. Physik/ vol. 39, p. llfi (1900), 

‘ Ann. Phyaik,’ vol. 4, p. 384 (1904). 
k J. Math. Phys.; vol. 2, p. 216 (1923). 
Not published. 


The temperatures at which these measurements were made are not generally 
specified more closely than u room temperature,” and have been presumed to 
lie in the range 15 ± 3° C. Possible temperature variations, however, offers 
no explanation of the real differences which exist. 

The English experiments, upon which the results quoted above are based, 
were made upon fibres of fused quartz. Thus Threlfall {loc. ciL } p. 116) deduced 
values for E from the deflection of fibres loaded centrally as simple beams 
between supports 4 cm. apart. His final result for E was 5*1785 X 10 11 
dynes/cm. 2 but in view of later work this close specification of the value of the 
modulus appears untenable. In a footnote to the paper by Threlfall, Boys 
put forward the averaged value of 6 ■ 0 X 10 u dynes/cm. 2 which he had obtained 
from many experiments upon quartz fibres in a small extensometer. In this 
the fibre under test was held vertically and the load applied to the upper 
end of the fibre. The load was measured by the deflections of a right-angled 
metal member carrying a gravity bob, working on knife edges and suitably 
attached to the upper end of the fibre. The load was varied by retracting 
the lower end of the fibre by a micrometer screw, with which a microscope, 
reading on the upper end of the fibre, travelled. 

The German investigators used more massive specimens. Auerbach experi¬ 
mented upon flat plates and lenses, and determined E indirectly from the 
elastic indentation produced in his specimens under stated loadings. His 
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method of reduction of results presumed a value of 0*20 for Poisson’s ratio 
(it should be 0*12 to 0-14) and is in error to some extent on this account. 
The error is not great since Poisson s ratio o is involved as a factor of the form 
(l — rr 2 ), and the value shown in Table; III above has been corrected using 
a “ 0*13. Schulze criticised Auerbach's assumption of the value 0*20 for 
Poisson's ratio and redetermined E and the torsion modulus, by experiments 
upon the mechanical oscillations induced in a flat polished bar of fused quartz, 
the frequency of vibration being determined by reference to calibrated tuning 
forks. A more direct and exact method was used by Heymans and Allis, 
who studied the transverse and longitudinal curvature of a bent polished beam 
of fused quartz by an interferometric method. The results in Table Til by 
Drane were obtained by dead loading long (up to 2M) fibres of fused quartz, 
which were later out and measured accurately throughout their length, and 
also upon flat strips and rods of silica arranged as beams ; none of these 
specimens was polished and all the beam experiments wore reduced by graphical 
methods, which accounted properly for the slight variations in dimensions of 
the specimens. Although the experimental methods used in some of the 
examinations above have, been indirect, their principle is sound, and, in 
reviewing the results, one is forced to the conclusion of actual variability in the 
modulus* There remains as a problem the specification of the precise thermal 
and mechanical treatment necessary to yield a specimen of fused quartz with 
fixed mechanical and optical characteristics. 

In conclusion the author would like to express indebtedness to Mr. G. N. 
Peel, B*8c., and Mr. R. Brown of this laboratory for recording many of the 
observations entailed in these investigations, also to the Directors of 
The Thermal Syndicate, Ltd., for sustained interest and the permission of 
publication. 
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Die Pressures oj Gaseous Mixtures. \Y—Helium and Hydrogen, and 
their Inter mole cukir Forces . 

By C. W. Gibby, Ph.D., C. 0. Tanner, Ph.D., and Irvine Masson, D.Sc., 
Chemistry Laboratories, University of Durham (Durham Division). 

(Communicated by F. G. Donnan, F.R.8.—Received October 17, 1928.) 

Statement of the problem. 

§ 1 . 

The work discussed in this paper w as begun in 1924 in London, and was 
later on resumed in Durham. It forms part of an investigation which began 
eight years ago, of which the purpose was to gain information from a new 
quarter about intermolecular action ; and the first part was published in 1923 
by Masson and Dolley.* Tn that part of the work, which dealt with the com¬ 
pressibilities of argon, of oxygen, of ethylene, and of a number of mixtures of 
each pair of these gases, a systematic study was made of deviations from 
Dalton's law' of partial pressures. It was possible to exhibit the cohesion of 
the molecules of one gas with those of another gas ; and to prove, without 
using any special theory, that this type of cohesion is neither caused nor 
influenced by the possibility of chemical action between the atoms composing 
two colliding molecules. Thus this kind of cohesion differs from that which 
gives rise to unimolecular films, where the cohesion is chiefly traceable to the 
specific action of some particular atom within one molecule upon a particular 
atom in another, or in a surface. The bearing of this distinction has been 
discussed elsewhere,f and thermodynamic aspects of the first paper have been 
recently dealt with by other authors.:}: Meanwhile, it becomes clear from the 
results of that paper that any theory, proposed to explain the van der Waal's 
cohesion between molecules of two different chemical kinds, need not invoke 
any types of force beyond those that could explain cohesion in a single pure 
gas. The present paper deals experimentally and theoretically with such 
forces. 


* * Roy. Soc. Proc./ A, vol. 100, p. 524 (1923). 
t Masson,' Tram. Faraday Soo.,’ vol. 24, p. 168 (1928). 

X Gibson and Soaniok, ‘ J. Amer. Chem. Soc.f vol. 49, p. 2172 (1927); Randall and 
Sosnick, t bid., vol. 50, p. 967 (1928). 
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§ 2 . 

The first stage of the present experiments (1924) with helium and 
hydrogen indicated a new property in gases; for the data showed a certain 
range of mixtures of these two as being more incompressible than either com 
stitnent; a maximum being suggested at about 30 per cent, of helium in 
the mixture. Incidentally, this displaced hydrogen from its position as the 
least compressible gas. The effects were, however, slight; and, chiefly in order to 
test their genuineness, we resumed the work in 1926, and improved the methods 
in various ways. One result has been to confirm the new property, though 
the effect is very small; and meanwhile, Leonard-Jones* has independently 
noticed a similar effect in the experimental data of Holborn for a mixture of 
neon and helium ; and in his recent theoretical work on gaseous mixtures he 
has been able to show it as a special case of the general properties of gases. 
The same general treatment proves to be applicable to the work we have done, 
as will be shown. 

The experiments now described were on the compressibilities, up to 125 
atmospheres, of helium, hydrogen, and 10 mixtures of the two at 25° C.; and 
of both pure gases and one mixture at seven temperatures from 25° to 175°. 
The data afforded by these gases are simplor to examine quantitatively than 
were those of the former paper; for all the compressibility isotherms (pv plotted 
against p) prove to be straight lines, pv increasing with pressure according to 
the simple equation 

pv + bp. ( I ) 

In this, v is the volume of the gas-saraple in terms of its volume at S.T.P., and 
a and b are constants for the particular gas at the given temperature. Thus 
the coefficient b gives the deviation from Boyle's law. Only with pure hydrogen 
at the lowest temperature (25°) is there a very slight flexure, requiring a third 
term op 2 . 

Our chief concern in this paper is to interpret our coefficients b, the slopes 
of the isotherms, in terms of intennolecular forces. 

§ 3 . 

Before the results are discussed, it should be recalled that the deviations 
of pure hydrogen and of pure helium from Boyle’s law are not only both in the 
same direction, but are nearly the same in amount; for instance, the values 
of pv at 100 atmospheres and 25° are, for hydrogen, 1*157, and for helium 
♦ 1 Natnre,’ voL 119, p. 459 (1927). 
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1*142 ; corresponding with b x 10 4 — 6*56 and 5*10 respectively. Thus, in 
mixtures ranging from pure hydrogen to pure helium, there is only a small 
change of experimental properties—about 1 per cent.—to explore ; and in 
order to get useful figures, experimental accuracy is important. In our work, 
we have had to restrict ourselves to quite small quantities of gas for each series 
of measurements, usually about 7 c.c. at I atmosphere, cither pure or made up 
by mixing two smaller measured quantities. Nevertheless, we have satisfied 
ourselves that adequate accuracy has been secured to limit the uncertainty 
in the resulting figures for b to about 1 per cent. At our higher temperatures 
there is an occasional aberration, to be duly noted in its place. 

Discussion of results . 

§ 4 . 

For a pure gas in which pv = a -f bp> the coefficient b measures the deviation 
of the gas from the ideal state ; and the meaning of b thus embodies the results 
of forces that act between molecules all of which, in a pure gas, are of one kind 
only, like acting upon like. The coefficient for one pure gas will therefore be 
particularised as b n ; that for some other pure gas as b 22 ; and these are 
directly measurable. For a gaseous mixture whose compressibility is given by 
a similar equation 

pv = a m + b m py (2) 

the experimental coefficient b tn clearly represents a more complex set of happen¬ 
ings than does b for a pure gas. For, in the mixture, the two types of molecular 
encounter that occur in each pure gas, like with like, still go on; and so b n 
and & aj| remain to contribute towards making up b tn ; but there is now an 
additional type of encounter, namely that between unlike molecules, which also 
contributes. The specific effect, not directly measurable, of encounterslof this 
type will be denoted 6 ia . The actually measured 6 m of equation (2) is then 
regarded as composite, made up of three constants 6 U , b 22 and 6 ia . Naturally, 
the proportion in which these three specific agencies contribute in constituting 
will be decided by the numerical proportions in which the two kinds of 
molecule are present in the mixture. Different mixtures of a given pair of 
gases will have differing determinable by direct experiment; but all of 
the mixtures of this pair, at a given temperature, whatever their compositions, 
should have one and the same characteristic & 12 , if could be disentangled 
and evaluated. 

Now, opportunely for this work, Lennard-Jones* has shown quite recently, 
* • Boy. Soc. Proc.,’ A, vol. 115, p. 334 (1927). 
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and for the first time } how b iZ should be derivable from b m , fc u and ; the 
sole assumption being that around each molecule the field of force, whatever 
its nature, is spherically symmetrical. On this supposition, it is shown that 

b m b^x^ -f* ~b (^) 

where x l and x 2 denote the molecular proportions of the two gases in the 
mixture ; that is, x x + x 2 = L Hence 

^12 ^ 218 *^ 2 *)}( 4 ) 

in which all the terms on the right-hand side are measurable by experiment. 
Lemiard-J ones was able to quote Verachoyle’s data* for three mixtures of 
nitrogen with hydrogen, at 0° and at 20°, as supporting equation (3); suitable 
values for b vz being chosen, Verso hoy le’s figures for b m were reproduced with 
very fair success. The form of (3) also showed that a pair of gases which have 
suitable b u and b %2 might yield, when mixed, a value of b m greater than either 
—the effect referred to in § 2 and confirmation of this was found in Holborn 
and Otto’s measurements upon a mixture of neon with helium. 

Our own results afford more extended material for a test, and the facts may 
first be summarised. 

§ 5 . 

In fig. 1 are shown, plotted in a very open scale, the observed values of 
b for 12 compositions from 0 to 100 per cent, helium, all at 25° C. The height 
of the circle around each point is a guide to the probable error in 6, 
arising from the several hundred observations that go to form a single point. 
One or two points possibly display a slight systematic error in the series which 
each embodies ; but even with these, the curve shown expresses the data 
satisfactorily. Near 20 per cent, helium is drawn the very slight increase in 
6, compared with that of pure hydrogen, to which reference has already been 
made. The constants a are recorded in a later table. 

For connecting the results with the form of presentation adopted in the 
earlier paper, it may be remarked that all of these mixtures can be shown to 
deviate from Dalton’s law' of partial pressures ; here, in the sense of yielding 
actual pressures higher than the additive figures. The deviation can be shown 
to be at its maximum in mixtures containing 60 per cent, of each constituent, 
where it reaches, at 26°, about 4 per cent, of the ideally additive pressure. 

Comparing now the data of fig. 1 with theory, we may assign some fixed 
value to h x2 in equation (3) and deduce, from the observed values of b for the 

* ' Roy. Soc. Proc./ A, vol. Ill, p. 552 (1926). 




Pressures of Gaseous Mixtures. 


287 



Fro. 1. --Helium-Hydrogen Mixtures ; Variation of b at 25' w ith Composition. 

purr* gases, what the variable b m should be for each experimental mixture. 
The calculated figures corresponding with a selected value 

b v2 (j*98 X 10" 4 for He — H 2 at 25° 

are marked as crosses in fig. 1, and the curve, already noted as satisfying the 
experimental points, was drawn through the calculated ones. The latter 
are also given in row iii of Table I, underneath the observed values in row ii: 
and it will be seen that the divergences only once reach 2 per cent., and the 
rest are well within the experimental error. A second test, the converse of the 
other, is to calculate b l2 for each experimental point, using equation (4), 
when a constant should be obtained. This puts a severe strain on the experi¬ 
ments, as it accumulates in any experimental errors present in b lv in 6 2S , 
in xj and in x r In view of this, the results, forming row iv of Table I, are by 


Table I.—Helium — Hydrogen at 25*0°. 
pv = a ~f bp. 


i. Per cent. Ho .... 

0 

16-26 

26*40 

i i 

33-00 

42-42 

50*06 

50*11 

1 , 

57*54 

66*64 

73*99 

83*49 

100 

ii. 10*6 oba. 

(6-59) 

6*56 

j 6*61 

6*02 

6-56 

6*41 

6*58 

6*36 

5*97 

5*92 

6*67 

510 

'if calc. 

— 

6*66 

i 0-64 

6*60 

,6*51 

6*4i 

6*41 

6*29 

6*10 

5*92 

0-66 


i 


! 

! 

i ! 










»v. W6 1# oale, . 

“ ! 

6*62 

6*91 

7*02 

7*07 

6*98 

6*92 

7*13 

6*68 

6*97 

7 02 

. 
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no means unsatisfactory ; they range about an arithmetic mean of 6*93 X 10™ 4 , 
the greatest divergencies from this being less than + 3 per cent, and — 4 per 
cent. (Note that row iv is not to be compared with rows ii and iii.) 

We conclude from this that our measurements bear out very well the 
assumption that the intermolecular forces in helium and hydrogen ate 
spherically symmetrical about each molecule. Further knowledge of these 
forces is afforded by the next set of results. 

§ 6 . 

The influence of temperature upon the constants of the isotherms was 
now studied, by measuring the compressibilities of the two pure gases, and of 
an equimolecular mixture, at or near 25°, 50°, 75°, 100°, 125°, 150°, 175°; 
the observations at each temperature being eventually expressed in the same 
form as those already reviewed (equations (I), (2)). 

Within this temperature-range, the coefficient b for helium was found to- 
fall with rising temperature ; for hydrogen, on the other hand, it rises, appar¬ 
ently to a maximum not far from 130°. With the 50 : 50 mixture, the values 
lie between those of the two gases, and they tend on the whole to fall slightly 
with rising temperature. When a solid diagram is constructed so as to show 
b, temperature, and composition, it appears that the maximum property of 6, 
shown by mixtures near 20 per cent, helium at 25°, would vanish at tempera- 
tures above this, and would become more plainly manifest at temperatures 
rather lower than those which we have used. In some of the series at higher 
temperatures the accuracy was less than usual (see Table V at end), apparently 
owing to temperature-gradients in the compressor ; and in Table II are there¬ 
fore given the values of b observed at the different temperatures, and in 
addition, for each gas, those read on the simplest smooth curve drawn through 
them. 

Our results for the two pure gases have been carefully collated with those 
of other workers upon helium or upon hydrogen, chief of whom are Onnes and 
his collaborators at Leiden and Holbora and Otto at Charlottenburg. As to 
hydrogen, at 25° our values would necessarily agree with Holborn and Otto’s, 
for we adopt these as our standard of reference. At higher temperatures, we 
obtain results which practically lie on the curve joining their data for 0°, 50°, 
100°, and 200°. Our figures indicate that 6 for hydrogen reaches its maximum 
probably within 10° of 130°. 

As to helium, our values for 6, excepting an erratic point at 150°, run closely 
below Holborn and Otto’s curve, and parallel with it. We have not been 
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Table II.—Helium, Hydrogen, and 1 :1 Mixture. 

Values of 10*6 in pv = a + bp. (v — 1 at S.T.P.) 


i. Temperature, °C. 

25-O'" | 

50*0° 

75-0° 

100*4° 

126*4° 

150*3° 

175*0° 

i. Helium ; observed .. 

! 5-10 

i 

5-07 

8 02 

4*86 

4*94 

4*62 

4*87 

smoothed . 

i G-10 

5*07 , 

502 

4*97 

4*90 

4*83 

4*77 

ii. Hydrogen: observed . 

(0-59) 

i 0*71 

6*86 

6*93 

7*02 

6*93 

6*87 

smoothed . 

0*59 

fl-73 

6*85 

6*93 

6*97 

6*96 

6*92 

iii. Mixture : observed . j 

6*41 | 

a’44 

0*37 

6*43 

6*20 

6*41 

6-20 

smoothed . 

: h -42 | 

0-42 

6*41 

6*38 

6 34 

6*39 

O’23 

iv. 6 lt calc, from observed points. 

0*98 ! 

9*99 

6-80 

6-97 

6*42 

7*04 

0-53 

6 ia calc. from smoothed points.. 

7-00 

! 

; 9*94 

6*88 

0*81 

6*75 

6*69 

0 03 


able to traoe a cause for the slight difference (e.g., b — 6*07 X 10~* at 50°, 
where Holborn and Otto find 5 ’236), which ought to be outside our experi¬ 
mental error. Nevertheless, the fact that our curve is intermediate between 
those of Leiden and Charlottenburg in our range of temperature shows that our 
results have not been affected by any serious error. It should, at the same 
time, be noted that in another range, at temperatures below —100°, Onnes’s 
valnes for the b of helium differ very markedly and systematically from 
those of Holborn and Otto.* 

§7- 

It has already been shown that the field of force around each molecule 
of these gases is spherically symmetrical; and we may now go further, to 
specify the nature of these fields. There are three fields, namely, that involved 
in an encounter between 2He, that between 2H„ and that between He and H # . 
The relation of the last-named to the other two will also be considered. 

We make use of the valuable contributions to the kinetic theory which 
Prof. Lennard-Jonesf has made during the last four years, including its 
recent extension to gaseous mixtures. Only such parts of his theory will here 
be mentioned as are needed for following its application to our results. 

Dealing with a pure gas, Lennard-Jones treats an encounter between a pair 
of molecules as if it wore governed by two superposed forces, the one of attrac¬ 
tion and the other of repulsion. The fields are presumed to be spherically 
symmetrical around the centre of each molecule. The two forces are treated 

* Cf. Holborn and Otto, ‘ Z. Pliysik,’ vol. 30, p. 320 (1024), where a comparison is made 
And references are given. 

t' Roy. Soo. Proo.,’ A, vol. 100, pp. 441, 403 (1924); vol. 107, p. 157 (1925); vol. 
112, p. 214 (1026); and vol. 116, p. 334 (1927). 

VOL. CXXH.—A. tr 
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in the analysis as if each had its own distance-law and force-constant. Thus 
the nett force of cohesion between two similar molecules is given by 

Nett force = X m . — X n . r“ n , (5) 

where r is the distance between the molecular centres, X, rt and X n are the con¬ 
stants respectively of the attractive component and of the repulsive, and m 
and n are the corresponding distance-law indices. Each pure gas is allowed 
its own characteristic values of m and of n (which cannot be less than 4) and 
of the force-constants. 

Clearly these forces ought to represent, inter alia , the deviations of a gas 
from the ideal state ; and they should therefore be connected with the coefficient 
b of a pure gas to which pv = a + bp is applicable. This correlation has been 
accomplished by Leonard-Jones. He was able to represent 6 theoretically 
as a complex function of a function of temperature, such that the way in 
which b depends upon T should be determined by the values of the distance- 
law indices, m and n, in equation (5). Accordingly, for a given molecular 
model (defined by the values of m and n), two functions can be numerically 
computed, without reference to experiments, and plotted against each other ; 
the same can be done for each of a variety of models ; and the resulting curves 
can then each be compared with the actual curve which shows the experi¬ 
mental change of 6 with temperature. The theoretical curve whose shape is 
found to match the sliape of the experimental curve thus decides which model 
is best appropriate to the particular gas. Finally, by making the curve- 
comparison a quantitative one, the force-constants, X, for that model and that 
gas can also be evaluated. In this way the theory, embodying (5), has been 
shown by its author to be remarkably adequate, for a number of gases ; and 
his extension of it to crystals has been no less successful. 

For a gaseous mixture, precisely the same theory applies, except that the 
coefficient 6 whose temperature variation is examined is not b m , but the derived 
coefficient 6 U , as defined in § 4. For it is this which connotes the action of 
unlike molecules upon one another in the mixture. 

We have computed the various functions required for plotting the theoretical 
curves for a number of molecular models, in whioh the attractive index m 
(equation (5)) was put at 5, and the repulsive index n was put at 9,10,11,14$, 
21, and oo respectively ; in one other, m = 6, and n = 11. These curves, 
each with a different scale of abscissas, were finally engraved on celluloid sheets, 
for the purpose of the comparisons which establish the right model, and for 
the parallel transformations that are needed to solve the equations for the 
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force-constants. These comparisons were made with the experimental curve 
of log T against log b (for pure gases) or log& 12 (for mixtures). The final 
results of this, which is a lengthy process, are given in the next section. 

§ 8 . 

Hydrogen. —Repeating first of all Leonard-Jones's theoretical comparisons 
for this gas, and including all of Holborn and Otto’s measurements, we obtain 
a qualitative correspondence with all of the models, and a fairly close match 
with the two models in which n = 10 and n = 11 (m = 5). For Holborm 
and Otto’s data, Lennard-Jones found n = 11 preferable to n = 9 or n = 14. 
Within the temperature-range of 0° to 200°, we found n = 10 definitely better 
than the others ; our first five points were all on the curve, our two uppermost 
points being slightly low. The model with n = 11, m = 5, however, fits 
best if Holborn and Otto’s low-temperature points (b negative) are included. 

//ehwm. - Lennard-Jones’s comparisons (1924) gave for this gas the model 
n s=t 14|, m = 5, from compressibility data ; and this was in good agreement 
with a value n = 14*6, obtained in Leiden for a non-attracting model from 
viscosity measurements. But Leunard-Jones used a blend of Onnes’s data 
at low temperature with Holborn and Otto’s from 0° to 400° ; and since that 
time, Holborn and Otto have published their further data at low temperatures 
(first to —183°, then to —258°) with results markedly differing from those of 
Onnes, but joining on very well with their own former curve.* Our own 
figures, as has been mentioned, lie closely between the other two sets and are 
in a temperature-range where these differ little from each other. In view of 
these later experiments, a revision of the helium model has been necessary.. 
The result is to throw doubt upon the applicability of any one model when 
the entire range of Holborn and Otto’s results is considered. Their figures 
at -—258° and —252*8°, where b is negative, do not fit the curves for any 
model which fits their other data from —208° upwards. The model n = 14$ 
represents only very roughly a loose general average of Leiden, Charlotten- 
burg and our own figures. If, however, the comparisons are restricted to the 
range from —183° to + 400°, the model with n a= 11, m = 5 fits very well; 
and still better is n =* 10, m = 5, which fits almost perfectly. For this range 
14$ is definitely not so suitable, and so also n = 9. The same remarks apply 
to our own data, whether considered by themselves or in conjunction with the 
others ; and to Onnes’s data by themselves. 

While the cause of the deviations below —250° remains obscure, the fact 
* * & Physik/ vol. 38, p. 359 (1926). 
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emerges that the molecular model best suited to the remaining isotherms is 
now brought within the same limits as had been foundf most suitable for 
hydrogen, neon, argon, krypton, xenon, and nitrogen. No distance-index of 
repulsion higher than 11, nor one lower than 9. seems to be called for among 
these seven gases ; and n 10 is a fair average. 

Helium-Hydrogen .- -Using the values of b n , calculated as shown in § 5 and 
tabulated in row iii of Table II, the theoretical comparisons show that the 
models with n — 10 and n 9 are on the whole better than n = 11 ; n = 141 
is not very satisfactory. 

The range of suitable models being thus defined, the force-constants, X, 
appropriate to each model for each gas can be calculated, and they are shown 
.in Table III. 

Regarding the constants for the attractive component of force, it is seen 


Table III. -Force-'constants of X M . r w ~ X* . r“\ 
{(Values got with the less suitable models are enclosed in brackets.) 


Model. 

l>ata used. 

i 

! 

I 2Hc. 

1. ! 

2H a . 

He-H*. 

He-H a 

cate. 

repul. 

Ah- 

m. 

i 

i 

n, | 

1 

i 

Attract-. 

Xm- 

Repul. 

x»* 

Attract. 

Xm* 

2-26 

Repul. 

Xf»* 

! 

8*04 

Attract. 

V 

Re pul. 

Xn* 

■5 

0 1 

G. T* & M. 

10-** X 
10 74 x 

i 

(0'07) 

(1-54) 

0*98 

3*47 

<3*68) 

.:.! 

1 

10-** x 
10-’* x 

0-435 

1*14 

2-34 

9-10 




5 

10 

G.T.fcM.! 

10-*»x 

0B1 


2*08 


0*74 1 




i 


10 -«x 

1 

0*34 


2-20 


0*84 

092 

! 


H. *0. 

10-** X 

0-40 










10-“ x 

1 

0*33 





■ 

5 

11 

O. T. & M. 

! 10"*»X 

0-405 


1'80 


, 0*57 






1 10-»x 


0*75 


0*06 


2*02 

1*97 



H. & O. 

| 10-** x 

0*38 

.. 









10“ w x 


0*75 








L.-J.* . 

lO-^x 

0*291 


1*98 




: 




10-*»x 


0-02 


7*38 





* Usanard-Jones's values for 2He were reckoned from Holbom and Otto’s data between 0° and 400" only, 
combined with the data of Onnes between —216° and 4-100°. We show that the two sets of data am inoom • 
patible in the light of Holborn and Otto’s new additional results between —258° and 0°, and we therefoi-e 
include under 2He new readings of the whole of Holbom and Otto's data for helium, above —208°, together 
with the original readings of Lennaid-Jonea for the above models. 

f Of. Lonnard-Jones, * Roy. Soo. Prpc.,’ A, vol. 112, pp. 227,220 (1926). 
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that that between 2Hc is only about one-quarter of that between 2H 2 . That 
between He and H 2 is intermediate, and it is not very different from the value 
for 2He, A simple relationship is lacking. 

Regarding the constants of the repulsive component, similar remarks apply* 
Here, however, Lennard-Jones 1ms pointed out that the (« — l)th root of X„ 
for a mixture may plausibly be the arithmetic mean between the (n — l)th. 
roots of the X,/s for the pure gases. The validity of this has been drastically 
tested here by calculating (X n ) 12 accordingly from (X n )nr and and the 

results are seen in the last column of Table T V. Their concordance with the 
“ observed ” values is fair ; the rule works well for the model n 11. 

§ 9 . 

The results of the analysis can now be put together bo as to give a survey 
of the manner in which a pair of molecules of helium, or of hydrogen, or one 
of each kind, react together. Combining the attractive and the repulsive 
force-components, wo get the nett intensity of intermolecular force at any 
specified distance apart; and the energy involved in the encounter is also 
calculable, and hence the “ diameters,” or distances of closest approach between 
molecules, can be found for each of the suitable models. For, if two molecules, 
acting upon each other according to equation (5), approach from infinity to a 
distance r — a. the energy gained as a result of their encounter is given by 

^fW 1 _ Xh 1 /*?\ 

m — 1 * o-- 1 ,f~ I * a ' l ~ 1 * { } 

Using in this expression the constants of Table III which have been found to 
hold for our gases, we find that it makes small difference in the results whether 
n = 10 or n = 11 (with m ** 5), and the following account is true of either 
model. 

At distances within about 10 to 15 Angstrom units, these molecules begin 
significantly to attract each other, and thus to gain kinetic energy. As they 
close in upon one another, the nett intensity of attraction rises, and reaches 
a maximum in the neighbourhood of 4J A.; and then in the next A. traversed, 
it rapidly falls off to zero. The gain in kinetic energy due to the whole encounter 
up to this point may be termed the “ cohesion-energy.” It is small, being 
less than 1 per cent, of the average K.E. of free thermal motion at 0° C. It 
is lost again when the next 0*5 A. is traversed, for at this range (8 to 3f A.) 
the repulsive force-component has begun to predominate. The inter-molecular 
distance at this point is the closest approach of two molecules initially at rest 
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and apart, moving together under the influence of their cohesive forces alone. 
If they are not initially at rest, but have been approaching with the K.E. of 
thermal translation as well as under their mutual influence, then they penetrate 
still further into each other’s repulsive core. The extent of the further pene¬ 
tration in a direct encounter depends, naturally, upon the amount of thermal 
K.E. to be absorbed ; that is, with average molecules, upon the temperature of 
the gas. The higher the temperature, the closer the approach. 

The distance of closest approach, which we shall term the kinetic diameter, 
can thus be specified for a pair of average molecules at any given temperature 
at which the same law of force holds, when once the force-constants have been 
found for these molecules. The following Table IV summarises the matter 
for our gases, for each of two models ; and at the foot of the table are some 
'estimates from sources practically independent of the kinetic theory, which 
provide limits for comparison. Comparing the figures beaded He-H 2 with 


Table IV.—Cohesion-energies and Kinetic Diameters (a). 
(Energy in ergs ; distances in A.U.) 



Model n 

10, m m 

5, 

Model n — 

11, w -« 

r>. 


2He. 

2H*. 

He*H 2 . 


2He. 

2H S . 


c'He + o'H* 




2 



IT 

10 u x Cohesion-energy . 

, Gained at r =* . 

U»t at r . 

0-39 

3 67 
3*12 

1*08 

4*05 

3*44 

0-38 

4*08 

3*46 


0*40 

3*50 

3*01 

1 05 
3*90 
3*37 

0*37 

3*90 

3*35 


K.E. corresponding to T° a)*. lost at a : 

- 




a. 



0 0 ... 

4*12 > F .... 

41*2 10° .... 

412 100° .... 

823 200° .... 

1124 273° 

4116 1000° .... 

3 12 
2*98 
2*58 
2*10 
1*95 
1*89 
1-65 

3-44 

3*38 

3*07 

2*55 

2*39 

2*32 

2* 02 

3*46 

3*31 

2*85 

2*32 

2*16 

2*09 

1*82 

3-33 

318 

2-82 

2-32 

217 

210 

1'83 

I 

3-01 

2*89 

2*55 

2*09 

1-90 

1*90 

1*70 

3*37 

3*31 

3*02 

2*55 

2*40 

2*34 

2*06 

3*36 

3*20 

2-82 

2*31 

2*17 

210 

1*85 

3*19 

3 10 
2*88 
2*32 

2‘li 

2*12 

1*8M 

Independent data 

Diameter of electric structure 




j 





from dielectric constant*.... 
Upper limit of diameter from 
density of solidf . 

1*20 

! 1*84 | 

— 

! 1-52 

1*20 

1-84 

i 

1-32 

■— 

3*96 

— 

! — 

..J 

3*96 j 

***** 

i ~ . 


* From Jeans, ‘ Dynamical Theory of Oases/ 3rd ed., p. 333. 
t JM#.. p. 330. 
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those headed \ (<tho + oh,), it appears that when a helium atom meets a 
hydrogen molecule, their joint kinetic diameter is practically the average of 
the respective kinetic diameters when each molecule meets its own kind. This 
additive relationship is seen to bo most nearly true, as would be expected, for 
encounters which are energetic enough to bring the “ harder ” parts of the 
molecules into action. It is not unworthy of notice, though the point must 
not be stressed, that if the repulsive index can be taken as 10 for 2He and for 
2H 2 , and 11 for He-H 2 , the additive relation is almost exact for any encounter. 

Experimental. 

§ 10 . 

Our methods ultimately consist in a series of comparisons of two volume 
ratios ; one, for the gas under investigation ; the other, for the manometric gas 
hydrogen, both being mounted in the same apparatus and subject to the same 
pressures. To the latter hydrogen volumes we then apply figures derived 
from the extremely precise and definitive work of Holborn and Otto on the 
compressibility of this gas, in order to learn what the pressures are. Thus our 
measurements of pressure are indirect, but they have the advantage of being 
referred to a substance at any time reproducible. Hydrogen, prepared with 
due care, is probably the best manometric gas; for, as far as is known, its 
compressibility is affected hardly at all by traces of its natural impurities, 
whereas other gases are more sensitive. 

For various reasons we have used samples of gas measuring less than 10 o.c., 
and each sample has been examined over the whole range of pressures, so that 
our high-pressure volumes are as small as 80 cubic millimetres. With the 
procedure sketched below, we arrive at about ± 5 parts in ten thousand as 
the degree of reliability of the present pv data. This compares satisfactorily 
with other work in which much larger quantities of gas have been worked with. 
In Holborn and Otto’s work, which appears to be the finest of its kind at the 
present time, from 1 to 11 litres of gas are compressed into a fixed volume of 
about 100 c.c., the pressure being measured with a hydraulic balance ; and the 
divergencies usually found by them are about ± 1 • 5 to 2 parte in ten thousand. 

The procedure may be briefly described under the headings: Preparation 
and purity of gases ; measurements of samples; compression; calibration; 
and reduction of observations. Fig. 2 shows the essential apparatus used 
under the first two headings. 
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Preparation and Purity of Gases . 

§n. 

Hydrogen was generated by electrolysing 30 per cent. KGH. Aq. to which 
barium hydroxide had been added to remove carbonates ; the electrodes were 
of nickel sheet, and the cell was a U-tube, kept cool in water. It was run for 
a day to remove dissolved air, and thereafter was not anywhere exposed to the 
atmosphere. From the cell (fig. 2, b 6), the gas passed over solid KOH and 
thence through electrically-heated palladium-asbestos (a, 6), and through 
P 2 0&, in order to remove the traces of oxygen inevitably present in such gas. 
It was then probably pure ; but to make sure, it was passed over the surface 
of a closed palladium tube, electrically heated to 350° (a, 1); and only that 
part of the gas which diffused through the solid palladium walls was collected 
in the gasholder. The whole system was thoroughly cleaned by evacuation 
and heating and by preparing a batch of diffused gas and then rejecting it. 
A batch of about 300 c.o. was then collected for use, the tap of the gasholder 
(be 1) being thereafter kept sealed by mercury by means of the side-connections 
shown at 6c 2. Successive batches, thus prepared, have given exactly con¬ 
cordant results when tested against one another in the compressor. Holborn’s 
hydrogen was prepared by not dissimilar methods, and there is no reason to 
assume any difference in purity between the Oharlottenburg hydrogen and our 
own. 

Helium was made from a few litres stored over water, and had been drawn 
.from a cylinder that had come from a Canadian works. 1 * 1 The gas was taken 
through a series of drying-tubes into gasholders over mercury, between which 
was a long U-tube filled with baked-out cocoanut charcoal and evacuated, 
and submerged in liquid air. To one gasholder was attached a density-bulb 
of about 300 e.c. coupled with a mercury manometer; and the system was 
evacuated with a mercury-vapour pump. The crude gas contained about 10 
per cent, of air. Manifold slow passages of the gas through the cooled charcoal 
left it with a density implying the presence of about O'15 per cent, of air; 
further repeated treatment brought the molecular weight to 4*01, and after 
further protracted “ charcooling ” the figure was 3*99. The accuracy of 
weighing the density-bulb gave a permissible variation of ± 0*01 units, hence 
the gas was now taken as pure. One of the gasholders containing it was fused 
to the main apparatus (de, 1), the tap being mercury-sealed. This furnished all 
of the helium used in the present work. 

* We owe thanks to Prof. F. G. Donnan, F.R.8., for the gift of this gas. 
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The foregoing details are recorded because of the slight differences between 
the data obtained for helium by Holborn and Otto, by the Leiden workers, 
and by us. Only two other gases might survive to any extent the charcoal 
treatment, which both Holborn and Otto and ourselves adopted ; these are 
neon and hydrogen. The effect of either, if present as an impurity in helium, 
would be slightly to raise the value of the coefficient b at ordinary temperatures. 
Holborn and Otto used a spectroscopic check to test the purity, we used the 
density ; and it does not seem that the two modes of preparation could have 
led to any material differences in purity. 

Mercury was purified for most of our work by A. S. Russell and Evans' 
method of shaking it with acidified ferric sulphate.* 

Measurement of Samples. 

§ 12 . 

This was done near 15° 0. and at pressures not exceeding 60 cm* The 
central features of the apparatus (fig. 2) are the multiple-point burette 
(d 3), its barometer (4), and the compression-tube about to be filled (be 3). 
These formed part of a continuous glass system, other parts being the 
gasholders (1) and the barometric mercury reservoirs (c 5, e 5). The level 
of the mercury in the barometric system was controlled hy changing the 
pressure of the dry air in the reservoirs, a capillary leak (e 6) being provided 
for making fine adjustments. The temperature of the gas and of the baro¬ 
metric mercury was kept steady by a stream of thermostat-water which flowed 
through the vacuum-walled jacket of the burette, through the barometer-tank, 
and through the coils of small lead piping which enveloped the exposed mercury- 
leads (e 3, 4). 

Due precautions were taken for complete evacuation of the system; they 
were always tested by letting mercury rise through the burette until it reached 
the top of the capillary compression-tube. The residual gas never exceeded 
0*00006 c.c. at 1 atmosphere. The experimental gas being then taken into 
the burette from the leads, its pressure and temperature were several times 
measured, with the mercury set at one of the burette-points. The barometer 
scale was read to 0*002 cm. with the micrometer eyepiece of a telescope. The 
measured gas was then pushed up completely into the vacuous compression- 
tube, and was followed by mercury. For mixtures, the second component 
was next measured in the same way, and was then passed up to join the first. 

* * Chem. Soc. Trans.,' vol. 127, p. 2221 (1926). 
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component, and was followed by mercury into the bulb of the compression 
tube, with due precautions against the trapping of bubbles by the way. 


2 3 4 5 6 



! 2 3 4 5 6 

Fro. 2. 


The constricted union between the burette and the compression-tube was 
now carefully snapped under the mercury of the seal (c 3) and with the aid of 
a small steel cup the whole compression-tube and its contents were removed 
to the compressor, with the lower end of the bulb submerged in the mercury 
with which that machine was filled. 



Pressures of Gaseous Mixtures, 


299 


Compression, 

513. 

The machine was one of those made for our earlier work, and its 
operation has already been described. The technique has been improved in 
numerous ways ; we need only mention two of them hero, namely the 
elimination of the “ pressure-creep ” by means of coils of lead-piping which 
controlled the temperature of the steel body of the compressor; and the 
comparison of only one gas tube at a time with the manometer tube, instead 
of three. For measurements at 25°, water from a thermostat flowed through 
the jackets of the tubes ; for higher temperatures, the manometer tube was 
still kept at 25*00°, but the other gas tube was fitted with a wide jacket, in 
which heavy paraffin oil was heated by a nichrome resistance controlled by a 
regulator and was stirred by a stream of air-bubbles. 

Calibrations, 

§14. 

The volumes in the gas-burette, ranging from 2*5 c.c. to 25 c.c., were 
several times calibrated with mercury, using the calibration cock shown at 
f 3 in fig. 2. They were known to ± 1 in 30,000, excepting the smallest 
volume, for which the extreme uncertainty was ± 1 in 10,000. The 
pressures at each glass point in the burette, as recorded by the mercury-level 
in the barometric tube, were the subject of several separate investigations; 
for we find that the? meniscus corrections given in the usual tables are not 
valid, at any rate when the mercury is dry and has been moving in tubes of 
diameter 0*4 and 1 *0 cm. The meniscus-heights have been studied in vacuo y 
in contact with dry air, and with the experimental gases ; and the registered 
pressures were eventually checked by using the burette for measuring the 
change of pv of helium and also of hydrogen at pressures below 1 atmosphere. 
We find accordingly that an occasional error of a few parts in 10,000 in the 
measurement of a gas-sample has been possible. This would proportionately 
affect the coefficient a in the resulting equation for pv, but it would leave the 
value of b unaffected within the limits used in this paper. 

The glass scales used with the compression-tubes were recalibrated in detail 
against N.P.L. standards.* The tubes used for the present work had a 
sectional area of 0*005 to 0*000 cm. 8 ; they were calibrated by the method 

* We thank Prof. W. E. Curtis for the use of his Nilger travelling microscope for this 
purpose. 
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of Isaac and Masson,* improved in detail One of the tubes was now chosen 
as the standard, and a long set of interconnected comparisons was made by 
filling both it and each of the other tubes with pure hydrogen, and using the 
tubes to measure the apparent compressibility of this gas. By this means 
certain minor discrepancies in some of the original mercury calibrations were 
corrected ; and in the whole of the work the volumes were thus reduced to one 
common standard. A large number of control experiments were made to 
arrive at reproducibility in the measurements. 

In connection with the compressions at higher temperatures, additional 
calibrations of the tubes, with mercury, were made at 100° and at 176° ; and 
the expansion-coefficients thus obtained were applied to all the high-temperature 
observations. 

The thermometers were standardised by us in ice, in steam, and against 
thermometers bearing N.P.L. certificates. 

Reduction of Observations . 

§ 15 . 

The units to which all the observations were reduced are ;— 

Pressures 

In International Atmospheres, i.e., 1 int. atm, « pressure of 76*000 
cm. of mercury at 0° and with g = 980*665. 

Yohinm :— 

For pure gases, 

_ cubic centimetres of gas at y and at t° C. _ . 

cubic centimetres of same gas at 1 atmosphere and 0° C. 

For mixtures, 

v — cubic centimetres of mixed gas at p and at t° C. 
sum of separate volumes at 1 atmosphere and 0° C. 

The reductions of the measurements made in filling the tubes call for no 
special remark. The observations in the compressions are treated thus :— 

From the observed length of gas-column, up to the foot of the meniscus in 
the capillary tube, is subtracted a small correction, equal to about one-half 

* ‘ J. Phys. Ohem./ voJ. 28, p. m (1924), 

t Not© that in the earlier paper, for the purpose there in view, v was referred to 1 atmo¬ 
sphere and t° C. Neglect of this fact led Crommelin and Watts (* Comm. Phys. Lab. 
Leiden/ No. 186c (1928)) to criticise destructively our results with ethylene, but, as 
0r, Oommelin has kindly acknowledged in correspondence, the criticism is entirety based 
upon an error on the part of these authors. 
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the height of the meniscus, derived from the data of SchaLkwijk.* The result¬ 
ing length, when the calibration-table for the tube is applied, gives the volume. 
From a value of v at 25*00° for the manometric hydrogen tube, the pressure is 
found from tables drawn up for the equation : 

pv = 1 ■ 090850 + 0*0 3 6592p + 0-0 7 723p* 

This was interpolated graphically from Holborn and Otto's similar equations 
for their data at 0°, 50°, and 100° for hydrogen, their units being first converted 
into ours. To the manometer-pressure so found, a correction is added to 
allow for any differences in the head of mercury in the gas-tube as compared 
with the manometer tube ; and the result is the pressure of the gas, p. 
A better interpolation, using these authors’ later values at additional tempera¬ 
tures, has given us 0*0 3 656 for b and 0*0#105 for c. It can readily be shown, 
however, that for manometric purposes the two equations differ by less than 
one part in 10,000, and the error has thus been negligible for our present pur¬ 
pose. But it ought to be noted that the use of the later value of b for hydrogen 
would considerably lessen the apparent irregularity at the corresponding part 
of fig. 1, making clearer the enhancement of b due to admixture with helium ; 
and it would also slightly improve the agreement between “ observed ” and 
“ calculated ” values in Table I. These changes are near the experimental 
limit. In applying the manometric equation to pressures beyond 100 atmo¬ 
spheres we have gone outside the data on which it is based ; but as far as can 
be judged from our present experiments, the extrapolation to 125 atmospheres 
has not led to any material error. 

The fluctuations in temperature between the manometer and the gas at 25° 
were hardly ever as great as 1 in 10,000, and usually only about one-third of 
this. Where necessary, corrections were applied. With the gas at high 
temperatures, variations up to a few tenths of a degree occurred ; the resulting 
figures at each pressure-reading were corrected accordingly to the average 
temperature of the run. 

The values of pv were plotted against p from about 30 atmospheres upwards 
on a wide scale, in which 1 mm. = 0*0002 units of pv and 1 mm. = 0*2 atmo¬ 
sphere. For all of our gases the resulting curves could be taken as straight 
lines. In finding the correct straight line with the aid of a thread stretched 
along the 10 to 20 points of a given series, we have found the simple criterion 
of Duftonf a most useful preliminary guide, and with our experiments this 

* 4 Comm. Phys. Lab. Leiden/ No. 67 (1901). 

t ‘Nature/ vol. 121, p. 866 (1928) ; r/. also de Bray, ibid., vol. 122, p. 171 (1928). 
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criterion left practically no room for arbitrary choice in the slope of the 
curve. 

It will be noted that in the graphical method, the values of the coefficient 
a are found by extrapolation, and so they carry in them any errors of the kind 
mentioned in § 14 to which the burette-measurements were liable. The value 
of a should not be expected to be constant for the mixtures : according to 
their deviations from Dalton’s law, it should increase from 1*09085 for either 
pure gas up to a maximum of about 1 *0913 in a 50 : 50 mixture. Table V 
should be examined with these two remarks in mind. 

The experimental results are too numerous to be printed in detail, but 

Table V. 


Temperature. 

Seriea. 

Per cent. 
He. 

pv ~ 0 

a. 

t f- bp. 

an. 

Number of 
points. 

Moan 
error 
in pv. 

25-00® ± 0*02 

1 

17 

6 

8 

? 

24 

4 

10 

2 

9 

5 

' (H&O) 

100*00 i 
100 00 
83-49 
73-99 
66-64 
57*54 i 
50*11 
50*96 
42-42 
33-00 
26-40 
16*26 

0 

1-09085 

1-09085 

1*0912 

1-0909 

1-0904 

1*0911 

1-0916 

1-0915 
1-0915 
, 1-0901 
1-0904 
1-0905 
1-09085 

5-10 

5-10 

5-67 

5- 92 
5*97 

6- 36 
6-38 
6*41 
6*56 
6*62 
0-61 
6*56 
6-500 

11 

12 

10 

20 

11 

15 

12 

10 

12 

11 

20 

10 

(+1-05. K >~ V ) 

0*00046 

22 

03 

47 

43 

36 

22 

53 

33 

45 

49 

29 

80 0° i 01 

18 

100-00 

1 * 1827 

5*07 

12 

39 


25 

50-11 

1*1836 

6-44 

12 

48 


12 

0-00 

! 1 ■ 1832 

6-71 

12 

55 

75;0° 4 01 

19 

100*00 

| 1*2748 

5*02 

12 

39 


26 

50*11 

1 1-2751 I 

6*37 

12 (11) 

83 (69) 


13 

0 

1 1*2748 1 

6*86 

12 

40 

100-38* ± 01 

20 

100-00 

; 1-3689 

4-86 

n 

67 


27 

50-11 

[ 1-3676 

6-43 

12 

53 


11 S 

0-00 

! 1-3069 

6-93 

12 

46 

121-2° ± 0*2 

21 

100-00 

1-4605 

‘ 4-94 

12 

58 


28 

50 -n 

1-4592 

6-20 

12 

43 


14 

0-00 

1-4882 

7-02 

12 

43 

150-1* ±0-2 

22 

100-00 

1-6486 

4-62 

12 

122 


29 

50-11 

1-8494 

6-41 

12 

74 


15 

0*00 

1-6516 

6-93 

18 

124 

175-0° ±0*3 

23 

100-00 

1-6357 

4-87 

11 

93 

1 

30 

8011 

1-6465 

6*20 

12 

70 


10 

0-00 

1-6420 

6-87 

n 

61 
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Table V gives an epitome, showing for each series : the constants a and b in, 
the equation (1) used to express the values of pv measured in that series; 
the number of points at which p and pv were measured, these being spread 
evenly over the range 30 to 125 atmospheres ; and the arithmetic mean of the 
deviations of the experimental values for pv from those calculated with the 
equation. 

Summary . 

(i) Continuing former work with other gases, we have measured the com¬ 
pressibilities, up to 125 atmospheres, of helium, hydrogen, and 10 mixtures of 
the two at 25° ; and those of both pure gases and an equimolecular mixture at 
7 temperatures from 25° to 175°. The experiments are described. 

(ii) The deviations from Dalton's law of partial pressures are positive, and 
are at a maximum in an equimolecular mixture, where, under high com¬ 
pression, they attain 4 per cent, of the ideally additive pressure. 

(iii) Within a certain range of compositions, mixtures of these two gases are 
still more incompressible than hydrogen. 

(iv) The data are expressible by equations pv = a -j- bp within the experi 
mental limits of ± 5 in 10,000 ; the values of a and b for each gas and each 
temperature are recorded. 

(v) The influence of gas-composition upon the values of b for the mixtures 
is studied ; and, by means of the partial pressure equation of Lennar d-Jones, 
the facts are shown to support the assumption that a spherically symmetrical 
field of force surrounds a helium molecule, and a hydrogen molecule. 

(vi) The influence of temperature upon the values of b for the pure gases and 
the mixture is examined, in the light of Lennard-Jones's analysis of inter- 
molecular forces. The results accord with his theory of superposed forces of 
attraction and repulsion around each molecular centre in an encounter. The 
distance-indices of these forces are evaluated for encounters between 2He, 
between 2H a , and between He and H 2 . With a distance-index of —5 for 
the attractive component, the index for the repulsive component is found to 
be — iO or —11 in all three cases. For pure hydrogen and pure helium, the 
data of other workers, and the values already calculated from them by 
Lennard-Jones, are reviewed in conjunction with our own. 

(vii) The force-constants are evaluated ; and it is found that the constants 
for an encounter of He with H a are considerably nearer to those for 2He than 
to those for 2H,. 

(viii) The energy-factors of these three types of molecular encounter are 
calculated from the constants of (vi) and (vii). For each, the cohesion-energy 
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is defined and is tabulated, together with the kinetic diameters appropriate 
to various temperatures. The intermolecular distances of closest contact 
between He and H a approximate to the sum of the two kinetic half-diameters. 

It is a pleasure to acknowledge the help of a grant which was made by the 
Council of the Department of Scientific and Industrial Research in connection 
with this work ; and to acknowledge a grant from the Chemical Society which 
defrayed some of the expenses. 
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Introduction. 

Among the various methods of detecting single a-particles, the scintillatioii 
method, because of its simplicity, is often the only one applicable. When the 
particles are to be counted in the presence of a strong (J and y radiation, the 
scintillation method is indispensable, for the scintillations produced by 
a-particles are easily detectable on the luminous background produced by the 
p and y rays, while the electrical counter is seriously disturbed by these types 
of radiation. 

Though the counting of scintillations has been constantly used as an experi¬ 
mental method since 1908, and practically all the fundamental data on which 
the modem conception of atomic structure is based, were obtained by this 
method, very little systematic work has teen done concerning the method 
itself and its limitations. 

The object of this work was to investigate in detail all the factors involved 
in the method of scintillation counting, and to connect the various isolated 
pieces of information which have been given from time to time by the workew 
in this field. 

In order to obtain a clear picture of the process of scintillation counting, it 
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was desirable to examine separately each link of the chain of phenomena 
involved. Some of the phenomena indeed are of individual interest. 

The two fundamental processes involved are 

(1) The transformation of the energy of the a-particle striking the zinc- 
sulphide screen into radiant energy ; and 

(2) The detection of this radiant energy by the eye under various conditions 
of observation. 

The following experiments were accordingly undertaken :— 

(1) The determination of the smallest amount of luminous energy per¬ 
ceptible by the eye. 

(2) The measurement of the efficiency of the transformation of the kinetic 
energy of the a-particle into radiant energy. 

(3) The determination of the velocity of the slowest a-particles detectable 
by the scintillations they produce. 

(4) The investigation of the influence of the numerical aperture of the 
microscope employed on the results of counting. 

These experiments will be described in this paper and their connection with 
one another discussed. 

In the course of the paper, several technical expressions are used which are 
perhaps somewhat unfamiliar to the general reader. For convenience, 
definitions of these terms are given here. 

Definitions . 

(1) The lumen is the unit of luminous flux, being the flux radiated in unit 
solid angle by a source of one candle-power. 

(2) The luminosity of a monochromatic light is the ratio of the sensitivity 
of the eye to this light, to the sensitivity of the eye to light of wave-length 
0*53 |x for which the eye is most sensitive under normal conditions. 

(3) The scotopic luminosity is defined similarly for the dark adapted eye 
which is most sensitive to the light of wave-length 0*505 p. 

(4) The mechanical equivalent of light is the ratio of the radiant flux to 
luminous flux for the wave-length of maximum luminosity, and is expressed 
in watts per lumen. The most reliable determination was made by Ives who 
gives the value 0*0016 watts per lumen. 

(5) The energy radiated by a given source of light evaluated as green light , is 
the energy radiated by a source emitting light of that wave-length for which 
the eye is most sensitive, and appearing of the same brightness as the given 
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source. If E A is the intensity of the radiation from the source under con¬ 
sideration, at the wave-length X, then the energy radiated from the source 
evaluated as green light will be 

j E a x luminosity X dX. 

Jo 

The Determination of the Smallest Amount of Luminous Energy Perceptible 

by the Eye. 

For the present purpose of investigating the method of scintillation counting, 
we are interested, not so much in the general question of the sensitivity of the 
dark adapted eye, as in its sensitivity under conditions similar to those under 
which scintillations are counted, that is to flashes of short duration. 

According to Wood* and Wertenstein,t the duration of a scintillation is 
about 10 -4 seconds. The only measurements which have been made on the 
sensitivity of the eye to such flashes appear to be those of Grijns and Noyons.J 
They determined the sensitivity of the eye for short flashes of various durations, 
and found that the energy necessary to produce a visual sensation depended 
on the time during which the energy was supplied to the eye. The smallest 
amount of energy was perceived when supplied in flashes of 5.10~ 3 seconds, 
and tie value of this minimum energy was4. lO" 11 erg (10 quanta, X^=0-505|x). 
The results obtained by these authors cannot, however, be considered reliable. 
An analysis of their work reveals errors not only in the general calculations, 
but, owing to a misinterpretation of the geometrical conditions of their experi¬ 
ments, also in the estimation of the energy entering the eye in the shorter 
flashes. 

The sensitivity of the eye for very short flashes of light has been investigated 
by Poole,§ who produced flashes lasting only about 10~ 7 seconds by means of a 
rapidly rotating mirror. He found for the minimum energy perceptible a 
value of about 4.10~ 7 erg (10,000 quanta, X = 0*605 p). The conditions 
do not correspond to those holding in the counting of scintillations, and it is 
clear from a variety of evidence that, for flashes of about the duration of a 
scintillation, a much smaller amount of energy than the above can be perceived. 

A certain amount of data exists on the sensitivity of the eye for steady 

* 4 Phil. Mag.,’ vol. 10, p. 427 (1905). 
t * J. Physique,’ vol, 2, p. 21 (1921). 
t 4 Archiv Physiol.; p. 25 (1905). 

5 4 Phil. Mag.,’ vol. 43, p. 345 (1922). 
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light, some of which may be mentioned here. For example, Bussell* has 
determined the smallest amount of radiation visually perceptible by observing 
white discs illuminated by the steady light of a star. The values obtained, 
calculated in terms of the wave-length for which the eye is most sensitive, 
were 7.10” 10 erg per second (170 quanta per second, X = 0*505 g). 

Similar measurements were made by Buissonf who observed the fluorescence 
of zinc-sulphide screens under the action of a radioactive source. He obtained 
values varing from 11 .10" 10 to 15.10~ 10 erg per second. 

It is not without point to refer here to the experiments of ReevesJ on the 
effect of the size and shape of the stimulus on the minimum radiation per¬ 
ceptible, for they show clearly that the size of the retinal image plays an impor¬ 
tant role in all such determinations. For example, the value obtained for the 
limit, when the stimulus was a circle of 1 mm. diameter, placed at a distance 
of 3 metres from the. eye, was 17*1 .10“ 10 erg per second, while a square of 
12 mm. side placed at a distance of 35 cm. from the eye gave the value 
564 . l(r 10 erg per second. 

From these values for steady light, it is possible to draw some conclusions 
about- the sensitivity of the eye to short flashes. As the period of relaxation 
of the eye is of the order of 0*1 second, the amount of energy which must 
be supplied to the eye per second in order to produce the sensation of steady 
light should be about 10 times more than the energy required to produce the 
sensation of a short flash of equal intensity. This cannot, however, be accepted 
without experimental proof, and a new determination seemed desirable, especi¬ 
ally in view of the high values obtained by Poole§ for the minimum energy 
perceptible when supplied to the eye in very short flashes. 

In the experiments described below, the conditions under which scintilla¬ 
tions are observed were imitated as closely as possible. The duration of the 
flash could be varied within wide limits, namely, from 0*1 second to 5.10"* 
seconds, and the colour of the light was adjusted to correspond with that of a 
scintillation. A telescope was used for the observation of the flash so that 
the eye could be relaxed as in the counting of scintillations with a microscope. 
In order to make the results as definite as possible, the source of light was 
made of such a size that the image formed on the retina had the dimensions 
-of the order of a single retinal cell. Thus a further decrease in the size of the 

* ‘ Aatrophya. J., ? vol. 45, p. 60 (1917). 
f < Astrophys. J.,* vol. 46, p. 296 (1917). 

t ‘ Astrophys. J.,’ vol. 46, p. 167 (1917), and vol. 47, p. 141 (1918). 

{ hoe . ctt. 
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source should not affect the results unless there is some kind of ultra- 
microscopic structure to the cell itself, which does not seem probable. 

The description of the arrangement designed to fulfil these conditions 
follows. 

Description of Apparatus . 

A small hole (see fig. 1) in the wall of a box B, in which a gas-filled lamp L 
was placed, was used as a source of light. 



Kig. 1. 


A system of two rotating discs d x and <i 2 provided with slits exposed the 
hole once every second and permitted the duration of the flash to be varied 
at will from 0 * 1 to 5.10~ 5 seconds. The light escaping from 0 passed through 
a filter F and was observed by means of a telescope T. The quantity of light 
entering the telescope during a flash of definite duration could be varied by 
placing diaphragms of various diameters over the objective. Geometrical 
conditions were so arranged that the quantity of light entering the telescope 
at any instant of a flash increased to its maximum value and diminished again 
in a time as small as possible compared with the time at which it was main¬ 
tained at its maximum value. 

The Source of Light . 

The beam of light escaping from the hole 0 forms an inverted image of the 
inside of the box. It is obvious therefore that the direct illumination of the 
hole by the incandescent filament is impossible if a uniform beam be desired. 
Various methods of obtaining a sufficiently strong uniform beam of light were 
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tried, and it was found that the best results were obtained by illuminating 
the hole by light diffused from a magnesium oxide screen S (fig. 1). This 
screen was prepared by holding a copper plate above a burning magnesium 
strip ; and was placed about 10 cm. from the hole and illuminated by a lamp 
L standardised at the National Physical Laboratory (70 c.p. colour tempera¬ 
ture* 2660° K.). 

Flash Production. 

The duration of the flash was regulated by the wheel d x of 80 cm. diameter 
made of stout cardboard. A hole was cut in the wheel near the periphery 
so that it passed in front of the hole O during the rotation. This hole could 
be covered by cardboard in which slits of various widths were made. In order 
to avoid excessive vibrations at rapid rotation a similar hole was cut in the 
opposite end of the same diameter and covered with thin cardboard. 

The wheel was fixed to the shaft of an electric motor which ran at 600 r.p.m. 
The distance from the hole O to the centre of the shaft was 36*8 cm. The 
duration of a flash was therefore 4*33.10~ 4 . s seconds where s cm. was the 
width of the slit. 

If the wheel d x alone had been used the luminous point would have been 
exposed 10 times per second, thus producing an undesirable summation effect 
since the sensation in the eye lasts longer than one-tenth of a second. To 
obviate this effect and also to make the flashes follow each other after convenient 
intervals of time, a second wheel d 2 was used which was rotated at 60 r.p.m. 
by means of a reducing gear and a small electric motor. In this way only one 
out of every 10 flashes made by the large wheel d x was observable when both 
wheels were rotating. Synchronism was easily maintained—only one from 
about 100 flashes being missed. The possibility of two exposures occurring 
during one passing of the selection sector was eliminated as its length was less 
than one-tenth of the circumference. 

The telescope consisted of four lenses, the original stop being of 4 cm. dia¬ 
meter. It was placed at a distance of 154 cm. from O. 

Dimensions of Luminous Point . 

As has been already stated, it was desirable that the retinal image of the 
luminous point should be of the same dimensions as the retinal cells. The 
hole was made in thin metal foil with a very fine needle, and examination under 
a microscope showed that its shape was a very good circle of 30 p diameter. 
The magnification of the telescope was 16 and its distance from the hole was 
* See e.g., Walsh, ‘ Photometry ’ (Constable Co., London), p. 270 (1926). 
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154 cm. The diameter of the retinal image was therefore 6.1CT 4 cm., the 
focal length of the eye being taken as 2*2 cm. The diameter of a retinal cell 
is of the order of 5.10“ 4 cm.* for peripheral vision. 


The FiUer and Focussing Screen. 

The filter used consisted of a glass vessel with parallel walls containing an 
aqueous solution of copper sulphate' and potassium chromate. Several drops 
of ammonia were added to prevent precipitation. 

The composition was chosen in such a way that the minimum of absorption 
was near the wave-length 500 pp. The band of transmitted light was con¬ 
tained approximately between the limits 470 to 520 fif/,. The method of 
measurement of the transmission curve of the filter will be described later. 

In front of the filter and the rotating discs a white cardboard screen was 
placed with a hole (about 5 mm. diameter) cut in it through which the luminous 
point was observed. This screen was illuminated with a faint red light, which 
does not appear to hinder the process of dark adaptation appreciably. This 
screen was used to facilitate the focussing of the eye which was very difficult, 
if not impossible, if there was nothing but the flashing point at which to look. 
The field of view therefore consisted of a faintly illuminated ground, in the 
middle of which was a dark circle, the flashing point appearing in the centre of 
this dark circle. 

Experimental Procedure. 

The experiment consisted of four parts :— 

(a) Determination of the intensity of the beam of light escaping from 0. 

(b) Determination of the transmission curve of the filter. 

(c) Determination of the quantity of light lost in the telescope. 

( d ) Determination of the conditions (slit width and telescope stop) corre¬ 
sponding to the “ limit.” 

(a) Intensity of the Beam from 0.—Part of a photographic plate covered by 
an optical wedge was exposed to the direct Jight from the lamp L. (The lamp 
L was placed in a special blackened box with suitable diaphragms to prevent 
scattered or reflected light reaching the photographic plate.) The lamp was 
then placed in its proper position in the box, and the remaining part of the 
photographic plate exposed directly to the light escaping from the hole O. 
The distances of the photographic plate from the sources of light were chosen 
in such a way that the blackening produced in the photographic plate by the 

* Walsh, lot. cit. t p. 21. 
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light from the hole 0 was intermediate to the blackenings produced by the 
lamp and the optical wedge, the exposures being equal in both cases. The 
blackening of the photographic plate directly illuminated by the lamp was 
plotted against the reduction factor of the wedge. From this curve the value 
of the reduction factor could be obtained which would have produced a 
blackening equal to that produced by the hole O. This reduction factor which 
was the ratio of the illuminations of the two plates was found to be 3885. 
The distance from the lamp to the photographic plate was 890 cm. while that 
from the hole to the plate was 3-9 cm., and therefore since the candle-power of 
the lamp was 70 c.p. the candle-power of the hole O was 1*8 . 10"'° c.p., and 
the colour temperature of the hole being the same as that of the lamp was 
2660° K. 

Now the power radiated in unit solid angle by a source of colour temperature 

T may be written f E* dX watts, where E* — GiX" i> c“ < ,/AT , where C 2 — 14350, 
Jo 

X being measured in microns, and an evaluation of the integral for a source 
of colour temperature 2660° K. gives 

fiCi 

853 

Ci can be determined graphically with the help of the equation 

f® g 

Ci — X luminosityXdX candle-power X mechanical equivalent of light. 

Jo Ci 

If the values of E*/Ci X luminosity X are plotted as a function of X, then 
taking as units microns and degrees, we obtain for the value of the area under 
the curve 1*24 . 10~ 4 . Hence, taking 0*0016 as the value of the mechanical 
equivalent of light in watts per lumen, we have for the value of Ci, 2*31.10~ A 
for a source of colour temperature 2660° K., and candle-power 1*80. 
Hence the power radiated in unit solid angle from the hole 0 was 1*62.10“ 7 
watts. 

The Transmission Curve of the Filter was determined by means of a spectro¬ 
graph. The same lamp was used as a source of light, one spectrum being taken 
with the filter in front of the collimator slit, and several others of the same 
duration with the filter removed and the various steps of an optical wedge in 
front of the slit. The wedge was a photographic plate, successive strips of 
which had been exposed to uniform illumination for increasing times. The 
plate was developed and the absorption factors of the various steps measured 
with a microphotometer. 
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On mioropbotometrmg the spectra obtained in this way, a curve was obtained 
for the light transmitted by the filter with a series of other curves* intersecting 
it (fig. 2)—one for each step of the optical wedge. At the wave-lengths, then. 



The figures give the transmissivity of the wedge. 

corresponding to the points of intersection of the series of curves with the filter 
curve, the absorption of the filter was equal to the absorption factor of the 
wedge step which produced the intersecting curve. In this way a trans¬ 
mission curve of the filter could be plotted which was independent of the pro¬ 
perties of the photographic plates used. 

The fraction of the energy in a beam of light of colour temperature 2660° K. 
falling on the filter which would be transmitted was calculated graphically. 

Only those parts of the members of the series of intersecting ourves near the points 
of intersection were actually miorophotometered. 
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A curve was plotted (see fig. 3) giving the product of the intensity E A in a 
source of colour temperature 2660° abs. and the transmission factor t K of the 
filter for the same wave-length against the wave-length. 



-H •% 48 50 S'l -vs SKf 

WAVELENGTH 

Fio. 3. 


The area under the E A t A curve using microns and degrees as units was found 
to be 1-26 C 2 .1(T 6 . 

The area under the E* curve has already been seen to be 6C X /8B3. The 
ratio of these two areas gave the fraction of the energy transmitted by the 
filter; or the transmissivity of the filter was 1 -8.10" s . Multiplying the 
power radiated from the hole 0 by this transmissivity, we obtain for the power 
radiated in unit solid angle through the filter, 2'92.10" 3 ergs per second. 
This value giveB the actual number of ergs per second in the beam of light 
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passing through the filter. The energy radiated by the filter is distributed 
over a considerable portion of the visible spectrum. The eye, therefore, is 
not equally sensitive to all the energy in the beam. The energy in a beam of 
wave-length for which the dark adapted eye is most sensitive, which would 
be of the same brightness as that passing through the filter can be found by 
taking, as the transmissivity of the filter the ratio of the area under the EA 
X scotopic luminosity curve to that under the E A curve. The scotopic 
luminosity X is given by the curve of bleaching of the visual purple.* The 
curve E x scotopic luminosity X is plotted also in fig. 3 ; the area under it 
is found to be 0*96.10~ 5 C x , thus the transmissivity becomes 1*4.10“ 3 . 
This gives for the power radiated through the filter in unit solid angle 2*3.10~ 3 
ergs per second, evaluated as green light (X = 0*505 fx). 

It must be noted here that the light emitted from the hole could have been 
evaluated as green light with the help of the scotopic luminosity curve without 
the use of the filter. The filter was used, however, to reduce the possible error 
introduced by using the bleaching curve of the visual purple as a true scotopic 
luminosity curve. 

(c) To determine the fraction of the light lost in passing through the tele¬ 
scope the following method was used. The upper part of the screen P (fig. 4> 

on 

u-— i 


Fig. 4. 

was directly illuminated by a source of diffused light S, which consisted of a 
piece of ground glass fixed to the end of a short brass tube containing a small 
electric lamp l. On the lower portion of the screen, the image of the source 
of light was formed by the telescope T. The distances were adjusted until 
the brightness of this image was equal to the brightness of the screen illuminated 
directly by the source of light. The adjustment was checked by replacing 
the screen P by a photographic plate, and measuring the blackenings of the 
plate microphotometrically. The transmissivity of the telescope could then 

* Walsh, lot. cit>, p. 73. 
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be calculated from the distances involved and the ratio of the areas of the 
object glass of the telescope and the image of the source of light. The value 
obtained for the transmissivity was 0*575. 

Evaluation of the Energy entering the Eye in a given Flash. 

We have seen that the power radiated in unit solid angle through the filter 
was 2*27.10” 3 ergs per second, and since the distance of the telescope from 
the hole 0 was 154 cm. and the transmissivity of the telescope was 0*575, 
the power entering the eye per square centimetre of aperture of the telescope 
was 5*5.10*~ 8 ergs per second. The duration of a flash being 4*33 $ . 10~ 4 
seconds where the width of the slit in the wheel d v is measured in centi¬ 
metres, the energy entering the eye in a flash was 2*38 x a X 8 X 10“ u 
ergs, where a is the area in square centimetres of the telescope aperture used. 

In order to assist the visualisation of these small fractions of an erg, 
they will be expressed in the sequel in number of quanta, taking for the value 
of the quantum 3*9.10~ 12 ergs (X «= 0*505 fx). Hence the energy in a flash, 
given above, will be written as 6 * 1 X a X s quanta. 

(d) Determination of the Slit Width and Apertwe Corresponding to the Limit .— 
While observing the faint, regularly occurring, point flashes it was noticed 
that the eye became fatigued very quickly. Whether the fatigue was retinal, 
muscular, or psychological it was difficult to decide. When the flashes were 
only just visible it was noticed, that though the first few flashes were quite 
definitely observable immediately after placing the eye at the telescope, only 
occasional ones could be detected later ; after resting the eye for half a minute 
or so by glancing about the darkened room, the first few flashes were again 
observable, followed only by occasional ones. This led to the following method 
of estimation of the “ limit.” An observer on placing his eye in position counted 
the number of consecutive flashes (maximum 3) which he was able to see. If 
he was unable to see any before the end of an estimated 20 seconds, or so, the 
number observed was said to be zero. Five trials were made by each observer 
for any given intensity of flash and the percentage observed out of a possible 
15 tabulated. For any given duration of flash an observer made five such 
trials for each of a number of telescope apertures. The percentage of the possible 
15 flashes observed in each trial was plotted against the intensity of the flash, 
and the curve so obtained extrapolated to the axis of abscissas, giving an esti¬ 
mate of the “ limit ” visible. This definition of the “ limit ” contains a large 
element of arbitrariness, caused in part by the possibility of probability fluctua¬ 
tions in the small number of quanta forming a flash. It was noticed, however. 
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that if any of the flashes of a given intensity were detected by an experienced 
observer then he was able to detect over 90 per cent, of the flashes of double 
the intensity. Every precaution was taken to prevent an observer obtaining 
any information as to the brightness of the flashes he was observing. The 
illumination of the focussing screen and the aperture of the telescope were 
altered without rule while the observer was resting his eyes. 

The points plotted formed a regular curve only when the observer had had 
good experience of scintillation counting. A series of trials were made by 
each of three experienced counters, and it was only in these cases that the 
curves could be reasonably extrapolated. 

Fig. 5 shows the results obtained, for the same duration of flash, by to experi¬ 
enced and an inexperienced observer. It will be seen that the curve plotted 



for the number of flashes observed against the energy in the flash falls off much 
more abruptly for an experienced than for an inexperienced observer. Two 
reasons can be held to account for this effect. Experience increased the number 1 
of consecutive flashes observed when the energy in the flash was large, for it 
facilitated concentration and enabled the eye to be consciously moved about 1 
the field of view, thus seemingly preventing spontaneous movements of the eye 
which distracted the attention; also practice in the using of the ex-central 
portions of the retina, thus avoiding the insensitive fovea-centralis, appeared 
to increase the percentage of the flashes observed. In the case of the very 
faintest flashes the imagination of the experienced observers would naturally 
be more under control. 
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, Fig. 6 shows the collected results of a dozen inexperienced observers. It 
will be seen that all the points except two lie beneath the curve for an experi- 



quanta per flash 

Fig. 6. 

enced observer (shown in full), and these two can reasonably be ascribed to 
imagination. 

Table 1 shows the details of a set of trials by an experienced observer. 


Table I. 


Slit 

width. 

Duration 
of flash. 

Area of 
telescope 
objective 
sq. cm. 

Number of 
quanta 
per 
flash. 

Number of 
consecutive 
flashes seen 
(maximum 3). 

Percentage 

observed. 



4*53 

73 

3, 3, 3, 3,3 

100 



2-61 

40 

3, 2, 3, 3, 3 

03 



| 2-01 

32 

3, 2, 8,2,3 

87 

2*7 cm. 

1*17.10“* sees. 

I 1-54 

25 

2, 3, 2,1,2 

07 



1*32 

22 

1,2,1,1,0 

33 



0*01 

15 

0, 0,0,0,0 

0 


For trained observers the limiting number of quanta observed in a flash of 
any duration less than 1/100 of second is 17. For untrained observers the 
limit might be estimated to lie between 30 to 35 quanta (X — O'505 (i). 


Effect of Duration of Flash. 

A series of experiments was carried out on the effect of the duration of the 
flash on the strength of the sensation produced. The “ limit ” was deter* 
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mined (with trained observers only) for duration of flash varying between 
1 second and 4*33.10“ 5 seconds. The results obtained are shown in fig. 7 



where the limit is plotted against duration of flash, and it is seen at once that 
the sensation for very short flashes depends only on the total energy in the 
flash and not on the duration. For long flashes the value of the limit approxi¬ 
mates to the value obtained by Reeves* of 200 quanta per second for steady 
point sources (artificial stars). The two points corresponding to the shortest 
flashes could not be made with green light as the source of light was 
too weak. The filter was therefore removed, the trials carried out for white 
light, and the results evaluated for green light with the help of the scotopic 
luminosity curve* 

Effect of Tonic Drug . 

It is known that under normal conditions the sensitivity of the human 
organism to external influences is not the greatest possible. The nerve impulses 
meet on their way to the brain certain resistances. There are, however, con¬ 
ditions when these resistances are partially removed and all the senses attain 

* Loc. cit , 
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special sharpness. For example, 24 hours' starvation produces an increase in 
sensitivity. The same effect can be obtained more conveniently, however, by 
the injection or consumption of some “ tonic ” drug. It was interesting to 
see if a trained observer could improve his flash-sensitivity in such a way, 
or if the training itself consisted in diminishing the resistances mentioned. 
For this purpose a dose of strychnine (1/15 of a grain) was taken by an observer 
1 hour before the experiment began. The results obtained showed that the 
limit was considerably lowered—to about 12 quanta. It must be mentioned, 
however, that only one such experiment was carried out and the result obtained 
is therefore not very reliable. 

Summary of Part I, 

(1) An apparatus is described which produced regular point flashes of light 
of known spectral constitution, the energy in the flavsh and the duration being 
easily controlled. 

(2) The minimum radiation visually perceptible was measured. The results 
giving 17 quanta of green light (X = 0*5 (x) for trained observers and 30 for 
untrained. 

(3) The effect of the duration of a flash on its perceptibility was investigated 
with the result that for flashes of duration less than 1 /100 of a second the energy 
in the flash only is important and not the duration. For longer flashes the 
limit approaches the value of 200 quanta per second given by Reeves. 

(4) The influence of a tonic drug on the flash-sensitivity was investigated 
in a single case and it was found that the sensitivity was considerably increased. 
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Some Experiments Concerning the Counting of Scintillations 
Produced by Alpha Particles.—Part IL The Determination 
of the Efficiency of Transformation of the Kinetic Energy of 
a-Pay % ticlss into Radiant Energy . 

By J. Chariton, Ph.D., and C. A. Lea, B.A., Cavendish Laboratory, 

Cambridge. 

(Communicated by J. Chadwick, F.R.S.—Received November 6, 1928.) 

The efficiency of zinc-sulphide in transforming the energy of a-particles 
into radiant energy was first investigated by Marsden* who measured the 
amount of energy radiated as visible light from zinc-sulphide crystals bom¬ 
barded by a-particles. The value of the efficiency obtained was 1 *5 per cent, 
though he considered this an under-estimate. 

The authors of this work were informed by Prof. Wertenstein, of Warsaw, 
that he had made some approximate determinations of the luminous efficiency 
of zinc-sulphide and obtained a very high value of 10 or 15 per cent. Prof. 
Wertenstein, however, considered these figures as merely a rough estimate 
and not necessarily reliable. 

It will probably be useful to give here a definition of the expression u luminous 
efficiency/’ It can be written as a fraction, the numerator of which is u the 
brightness of the source of light,” and the denominator the maximum bright¬ 
ness which can be obtained from the energy which is spent on the source. 

The denominator is obviously equal to the power spent on the source, 
divided by the mechanical equivalent of light. The numerator can be measured 
visually or calculated, if the distribution and absolute values of the energy in 
the spectrum are known. 

A calculation of the luminous efficiency of radioactive luminous paints* 
which are actually a mixture of a radioactive substance with zinc-sulphide, 
is given in Berndt’s book <f Radioaktive Leuchtfarben.” The value obtained 
is 15 per cent. 

Experimejtied Method. 

A determination of the luminous efficiency of the process of scintillation 
formation necessitates the measurement of the candle power of a zinc-sulphide 
screen when bombarded by a known number of a-particles of known energy. 

* - Roy. Soc. Proc./ vol. 83, p. 554 (1910). 
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The evaluation of the luminous energy from a source of known candle-power 
can readily be calculated in terms of mechanical units by the help of the 
mechanical equivalent of light. 

There are two ways of measuring the candle-power of a zinc-sulphide screen. 
The simpler way is a visual comparison between the screen and some standard 
of candle-power, while the other is a determination of the spectral distribution 
of the energy radiated in absolute units, from which the candle-power may be 
calculated with the help of the equation which defines the mechanical equi¬ 
valent of light, namely, 

J E A x luminosity XdX = candle power X mechanical equivalent of light. (1) 

The latter method was chosen as being the most objective and therefore 
the most reliable. The former method was also used as a check on the values 
obtained by the latter method. A third method also was used to check the 
relative values of the efficiencies obtained for the various zinc-sulphides, 
which consisted of a measurement of the sensitivities of a photographic plate 
for different wave-lengths and of the total blackening produced in a photo¬ 
graphic plate when illuminated directly by the light from a zinc-sulphide screen 
bombarded by a-particles. Then, if the form of the energy distribution is 
known for any zino-sulphide, the absolute values can be obtained by the help 
of the equation 

E* X sensitivity X = integral blackening. 

Jo 

The method which depends on a calculation of the candle-power of a zino- 
sulphide screen from the results obtained for the spectral distribution of the 
radiant energy in absolute units will firBt be described. 

In order to obtain the spectral distribution, spectrograms were taken of 
the various zinc-sulphides when bombarded by a-particles. This necessitated 
« strong source of a-rays with a conveniently long period. 

An a-ray tube filled with radon was consequently chosen. The tube could 
be covered with zinc-sulphide crystals and a spectrogram taken. The crystals 
•could then be removed and the tube covered with a new preparation. In 
this way spectrograms of several different zinc-sulphides could be obtained on 
a single photographic plate. 

Though the absolute values of the intensity of the radiation from the a-ray 
tube for different wave-lengths can be calculated from the spectrogram* 

VOL. CXXII.—A. 


V 



322 


J. Chariton and C. A. Lea. 


obtained, as will be described in the sequel, the number and energy of the 
a-particles producing the radiation could not be determined, owing to the 
irregularities of the glass walls of the tube. The brightness of the a-ray tube 
was therefore compared with that of a plane screen of the same zinc-sulphide 
bombarded by a known number of a-particles of known energy. The com¬ 
parison of the brightnesses, since the spectral distributions were the same, 
could be made by simply comparing the blackenings produced in a photographic 
plate illuminated directly by the light from both sources. 

In order to determine the spectral distribution of the energy radiated from 
the a-ray tube in absolute units it was necessary to take spectrograms of some 
standard source of light of known spectral distribution and intensity, on the 
same photographic plate. The standard source of light used was a magnesium 
oxide screen illuminated by a 70 c.p. filament lamp of colour temperature 2660* 
abs. and standardised at the National Physical Laboratory. Several spectro¬ 
grams of this standard source were taken on the same photographic plate with 
stops of various measured areas placed over the collimator lens, the duration 
of exposure in every case being the same as that for the a-ray tube, namely, 
40 minutes. 

The function of the stops was to vary the area of the magnesium screen 
from which light could reach the photographic plate. For a given stop on the 
collimator lens, the amount of light falling on the photographic plate will be 
independent of the distance of the magnesium screen from the collimator 
slit, for the area of magnesium screen from which light can reach the photo¬ 
graphic plate varies as the square of the distance from slit to screen, while the 
solid angle subtended by the slit at the screen varies inversely as the square 
of the distance. The spectrograms obtained in this way were microphoto- 
metered, and, in fig. 1, the results are shown, the blackening on the photo¬ 
graphic plate being plotted against wave-length for each spectrogram. The 
wave-lengths were obtained from the lines of the sun spectra taken on 
the same plate, in the usual way. From these curves it can be seen that at the 
wave-lengths where a curve for a zinc-sulphide intersects one of the magnesium 
oxide curves, the blackenings, and therefore the energies falling on the photo¬ 
graphic plate, are equal. Now though the energy falling on the photographic 
plate at a given wave-length from the magnesium oxide screen is not calculable, 
yet the candle-power of that area of the magnesium screen, effective in pro¬ 
ducing the blackening of the photographic plate, can be calculated from the 
area of stop on the collimator lens and the distance of the standard lamp from 
the magnesium screen. Also the intensity of the total radiation in that wave- 
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length from a source of known candle-power and colour temperature can be 
calculated, from Wien’s formula 

E A d\~C x e- c ' fxT dh ( 2 ) 

and from equation (1). 

Also the fraction of the total radiation from a source which fails on the 
photographic plate is inversely proportional to the square of its distance from 
the collimator slit. Hence a calculation of the absolute value of the intensity 
of the radiation from the radon tube, independent of all properties of the 
photographic plate, can be at once made for those particular values of X where 
an intersection occurs with one of the magnesium oxide curves of fig. 1. A 
similar calculation will give the intensity at intermediate wave-lengths when 
an interpolation has been made to determine that area of stop on the colli¬ 
mator lens which would have produced an intersection at that wave-length. 
Let us call this area of stop on the collimator lens u the equivalent area of 
stop ** for wave-length X. 

The values of the intensities of the radiant energy in different wave-lengths 
can now be plotted against the wave-length, and a graphical integration of 
the area under the curve will give a value of the total energy radiated. Also 
the candle-power of the a-ray tube can be calculated by graphical integration 
of the left-hand side of the equation (1). 


Calculation of the spectral distribution of the energy radiated from the a-ray 
tube and of the candle-power for coverings of various zinc-sulphides . 

As we have seen, it is necessary to calculate the candle-power of that area 
of the magnesium oxide screen effective in producing the blackening of the 
photographic plate for each stop used on the collimator lens. 

The normal candle-power per Bquare centimetre of a magnesium oxide screen 
illuminated by a lamp of candle-power G placed at a distance D in a direction 
making an angle 6 with the normal to the screen is C cos fi/nD*. 

If the focai length of the collimator lens of the spectrograph is/, and the area 
of the stop on the lens is S, then the area of the magnesium screen effective in 
producing the blackening of the photographic plate, when the screen is at a 
distance d from the collimator slit, is $ X d 2 jf and the effective candle-power 
is therefore C cos 0 . sd a /D*/ == E, say. 

If, then, S is the “ equivalent area of stop ” at a certain wave-length X for 
a certain zinc-sulphide, then the intensity of the radiation of wave-length X 
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from the a-ray tube will be the same as the intensity of the radiation of wave¬ 
length X in a source of colour temperature 2660° K. and candle-power 

E . d^/d 2 — say, A c.p., 

where d x is the distance at which the a-ray tube was placed when the spectro¬ 
gram under consideration was taken. Now the experimental values were, 
C 70 c.p., 0 = 35°, D —31*8 cm.,/ — 28 cm., and therefore A = 2-32.10" 5 
sd x 2 c.p. Now we have seen in the first part of this paper that an evaluation 
of the left-hand side of the equation (1) for a source of colour temperature 
2660° K. gives C x X 1*24 . 1CT 4 watts per unit solid angle, where C x is the 
constant of Wien’s formula. Consequently the value of C x for a source of 
2660° K. colour temperature can be at once calculated when the candle-power 
is known, for 

C x x 1*24 . I0~ 4 — c.p. X mechanical equivalent of light. 

Hence for a source of candle-power A, C x =* 12*9 A, the units being suoh as 

to give | Ex dX in watts per unit solid angle. 

We have, then, that the value of E*dX for the radiation from an a-ray tube 
when S is the “ equivalent area of stop ” and i x is the distance the a-ray tube 
was placed from the collimator slit, is given by 

E A dX » 3*0.1CT 4 sd* . <T fi ^dX, (3) 

where the units of wave-length are microns. 

Five different preparations of zinc-sulphides were used as coverings for the 
a-ray tube. The values obtained for “ equivalent area of stop ” at various 
wave-lengths are tabulated for each different covering. The values of d v 
the distance of the a-ray tube from the slit of the spectrograph, are given beneath 
the name of the zinc-sulphide preparation. Column two gives the values of 
the term 3*0 . l(r 4 e~ fi ' 4/A for each wave-length and columns 8 to 12 give the 
values of E* calculated from the expression (3). * From these values of Ex 
and the values of the luminosity for the scotopic eye, the value of the integral 

I Ex luminosity X dX can be calculated in watts per unit solid angle, 

Jo 

and the candle-power of the a-ray tube can be found from equation (1). 

The results are shown in Table III, where the second column gives the value 

of j* Ex luminosity X dX which is the value of the luminous energy radiated 
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from the a-ray tube evaluated as green light of wave-length, 0-605 p, for the 
various coverings of the x-tube which give at once the candle-power on dividing 
by the mechanical equivalent of light in watts per lumen. 


Table III. 


Zinc-sulphide. 

|*oo 

1 Ea X luminosity A 
JO 

d A watte/unit 
solid angle 
(A « 0-505 ft). 

Candle-power 
of a-ray tube. 

1 BUdA. 

Glew . 

3-20.10-’ 

2 0 .10-* 

0-88.10-* 

Geiger .. 

9-81 . 10-’ 

6* 13 . \Q~* 

1-66.10-* 

Tomasohek . 

7 41 . 10-’ 

4 64.10~< 

1-3S.10-* 

Vert .. 

1015.10-• 

6-34.10~‘ 

1-90.10-* 

Gflntz 112 . 

7 17 . 10~ 7 

oo 

1 

1-33.10-* 


The fourth column gives the values of the integrals 

j>d*. 

which is the value of the total energy radiated from the a-ray tube in watts 
per unit solid angle. 

As it has already been pointed out the numbers and energies of the a-partides 
bombarding the zinc-sulphide on the surface of the a-ray tube could not be 
determined with any precision. It was necessary, therefore, to make a com¬ 
parison between the brightness of the a-ray tube and that of a plane screen of 
the same zinc-sulphide on which a-particles were falling with known energy 
and in measurable numbers. Since the spectral distributions of the light are 
the same in both cases, the intensities could be compared by comparing the 
blackening in a photographic plate illuminated directly by light from the two 
sources. 

Sinoe the light from zinc-sulphide crystals under heavy bombardment 
gradually decreases with time owing to the destruction of the crystals,* it 
was necessary to make the comparison at the same time as the spectrograms. 

Half of a photographio plate (Ilford Monarch) was covered with an optioal 
step wedge and exposed to the direct light from the a-ray tube while each 
spectrogram was being taken, the other half of the photographic plate being 
laid aside for exposure to the light from the plane screen of the same zinc- 
sulphide as covered the a-ray tube. 

* Manden, loc.. cit. 
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The optical step wedge was similar to the one used in the experiments 
described in Part I. The plane screens used were made of thick layers of 
zinc-sulphide crystals to ensure that there were no spaces through which an 
cc-particle could pass without forming a scintillation and to ensure that all the 
energy of the a-particle was lost in the zinc-sulphide. The screens were covered 
by a black paper diaphragm to limit the area bombarded by a-particles, A 
polonium source of a-particles was used which was held rigidly in a brass holder 
to which the black paper diaphragm was pasted. This enabled the source to 
be moved from one zinc-sulphide screen to another without altering the relative 
positions of the source of a-particles, and the portion of the screen bombarded. 
The photographic plate was then placed above the screen. The exposure was 
of the same duration as the exposure of the other half of the photographic plat© 
to the a-ray tube. The two halves of the plate were then developed and fixed 
together and microphotometered. The blackening on the plate exposed to the 
a-ray tube was plotted against the transmissivity of the various steps of the 
optical wedge. The transmissivity which would have reduced the blackening 
to the same value as that produced by the plane screen on the other half of 
the plate could then be at once determined by intrapolation. The relative 
brightnesses of the a-ray tube and screen could thus be calculated from their 
distances from the photographic plate. 

In practice, in order to ensure that the blackening of the plate exposed to 
the plane screen was intermediary to those on the plate exposed through the 
optical step wedges, both halves of the plate were again cut in half, the one 
exposed to the a-ray tube, after exposure, and the other before exposure. 
This enabled a second comparison to be made if the first one was unsatis¬ 
factory. If t is the transmissivity of the optical wedge which would have 
made the blackenings in each case equal, and if d a is the distance of the a-ray 
tube from the photographic plate and d p the distance of the plane screen to 
the plate, then the candle-power of the plane screen is given by 

C,-C a t(dM 

where C* is the candle-power of the a-ray tube. 

Table IV gives the experimental values of these quantities for the various 
sine sulphides, the values of the candle-powers of the plane screens being given 
in the last column but one. 

The factor t a (d f /i a ) a also connects the total energy radiated in unit solid angle 
from the plane screen with that radiated from the a-ray tube. Hence, multi¬ 
plying the values in column four of Table III by this factor, we obtain the 
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value of the total energy radiated from the plane Bcreen in watts per unit solid 
angle. The values obtained are tabulated in column seven of Table IV. 


Table IV. 


Zinc-sulphide. 

■ 

Ca. 

! 

fl p eras. 

do. cms. 

c„. 

jExiAfor 
plane screen 
in watts/ 
units solid angle. 

Glew. 

2 0 . 10-* 

0*11 

4*2 

70*5 

7*8 .10“* 

2-3 . 10- 1 ® 

Geiger . 

6-13.10-* 

0 082 

4*2 

70*6 

1*78, 10-’ 

4-8 . 10-*® 

Tomaschek .... 

4-04.10-* 

0*042 

4*2 

70*3 

6*94 . 10“• 

2-1 . 10-*® 

Vert . 

6-34.10-* 

0*082 

4-2 

70*0 

1*84.10~ 7 

5-5 . 10- 1 ® 

Giintz 112. 

4-48.10-* 

0121 

4*2 

70*2 

1*94 . 10“ 7 

5-75.10^® 


In order to determine the number of a-particles falling on the plane screens, 
it was necessary to measure the number of a-particles emitted by the source, 
and also to measure the solid angle subtended by the screen at the source. 

The number of a-partioles emitted by the source was measured by counting 
the scintillations on a screen placed at a known distance from the source in 
vacuo. In this case, however, the screen consisted of a thin layer of crystals 
and it was therefore necessary to measure the effective area of the screen. 
This was accomplished by counting the number of scintillations produced 
on the same screen by a source of radium active deposit whose y-ray activity 
had previously been measured. A simple correction was made for any active 
deposit which was attached to parts of the source from which the a-particles 
could not reach the screen by counting with the source reversed. Both the 
polonium and the radium active deposit sources were so large that it was 
necessary to reduce the number of scintillations observed on the screen by 
rotating a brass wheel with a sector of 7 • 2° cut out of it, between the screen 
and the microsoope objective. The speed of rotation was more than 10 
revolutions per second, so that the screen did not appear to flicker. The actual 
fraction by whioh the number of scintillations were reduoed was not important 
as the conditions of counting were the same for each source. 

The total number of a-particles emitted from the polonium source was found 
to be 1*09.10 T per second. The solid angle subtended by the screen at the 
source was calculated from measurements made with a travelling microscope 
and found to be 0*027. Thus the number of a-particles falling on the screen 
per second was 2-34.10 4 . 

The distance from the centre of the screen to the source was 1*60 cm., thus 
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the range of the polonium particles striking the screen was 2*4 cm., and apply¬ 
ing Geiger’s cube law to determine the velocity, the energy of the particles is 
seen to be 6*32.10“ 6 erg. Thus the total energy falling on the screen was 
0 * 148 erg per second. 

Now C„ is the normal candle-power of the plane screens, ^and hence if the 
screen radiates uniformly in all directions, the total energy radiated evaluated 
as green light, will be 4 tcC„ x mechanical equivalent of light in energies per 
second per lumen. As was previously mentioned, however, the plane screens 



used were made of thick layers of crystals in order that the a-particles should 
lose all their energy in the zinc-sulphide. Consequently, the light of the 
scintillations produced in the upper layers of the zino-sulphide is not distributed 
uniformly over a sphere, but part of the light directed into the screen is thrown 
back, thus increasing the brightness of the screen observed from above. 

If it be assumed that the light is diffused more or less according to Lambert’s 
law and allowance be made for absorption in the crystals, the amount of light 
scattered upwards by the lower layers in a direction normal to the screen will 
be practically equal to the amount originally directed downwards from the 
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surface layers. Consequently, the total light radiated from the screen, 
evaluated as green light, will be 2v£ p x mechanical equivalent of light in 
energies per second per lumen, and the values of the luminous efficiencies will 
be given by 

27uC 

— x mechanical equivalent of light, 

0*148 

where 0*148 erg is the value obtained for the total kinetic energy of the 
a-particles falling on the screen per second. 

In Table V are shown the values of C p taken from Table IV, and also the 
values of the luminous efficiencies for the various zinc-sulphides. 

The values of the radiant efficiencies can at once be obtained from column 
7, Table IV, which gives the values of the total energy W, radiated normally 
from the screen in watts per unit solid angle. In this case the radiant efficiency 
R is 2nW x 10“ 7 /0*148. The values of W and the radiant efficiency from 
the various zinc-sulphides are tabulated in the third and fourth columns of 
Table V. 

Table V. 


Zinc-Bulphide». 

i 

c„. 

W. 

Badiant 

efficiency. 

Luminous 

efficiency. 

Glew ... 

0-78 . 10“ 7 

2-3.10-“ 

Per cent. 
6-8 

Per cent. 
5*3 

Geiger . 

1*78 . 10“ 7 

4-8.10-“ 

20*5 

121 

Tomaaehek No, 10* . 

0 -70.10~ ? 

21 .10-“ 

9*0 

4*8 

Vert . 

1-84 . 10~ 7 

5-6.10~“ 

23-5 

12*5 

Giint is 112 . 

1*94.10- 7 

5 -8.10-“ 

25* 0 

13*2 



* The value of Tomaachek No. 10 i» probably low owing to the fact that a thin screen was used 
m the supply of this sample was scarce. 

Visual Determination of the Luminous Efficiency of One Zinc-sulphide . 

It seemed desirable to obtain a check on the value of the luminous efficiency 
by some simple method. All that is necessary for a determination of the 
luminous efficiency is a measurement of the candle-power of a zinc-sulphide 
screen bombarded by a known number of a-particlea of known energy. In 
this method the same screen of Qiintz 112 zinc-sulphide and the same polonium 
source were used as in the last experiment, and the relative positions were kept 
the same. Thus the value of the energy falling on the screen could be taken 
from the measurements of the last experiment, namely, 0*148 erg per second. 
The candle-powerof this screen was measured by comparing it with a magnesium 
oxide screen A, illuminated by the light diffused from another magnesium oxide 
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screen B illuminated by light from a 70-c.p. lamp. The distance between the 
screens A and B could be adjusted until the screen A and the magnesium screen 
appeared of equal surface brightness. The candle-power of the screen A could 
at once be calculated from the geometry of the arrangement. 

The standard lamp (70-c.p.) was placed at a distance of 91 * 4 cm. from the 
screen B and in a direction making an angle of 45° with the normal to B, whose 
surface area was 2 sq. cm. The screen A, when adjustment had been made 
for equal surface brightness of A and the zinc-sulphide screen, was found to be 
at a distance of 15-5 cm. from B, and in a direction such that the line joining 
A and B made an angle of 10° with the normal to each. The normal candle- 
power of B was therefore 3*77 . 1CT 3 c.p. The normal candle-power of A was 
therefore 4*86.10"° c.p. 

But the area of the zinc-sulphide screen was 0 *1 sq. cm, and its candle-power 
was, therefore, 4*85.10~ 7 c.p., which gives for the luminous efficiency the value 
33 per cent. 

No great weight can be attached to the result of so rough a method which 
depends on a visual comparison of faint sources of light of widely different 
colours. The interest of the result, however, lies in the fact that it is still 
higher than the strikingly high values obtained by the previous method. 

Determination of the Relative Luminous Efficiencies by Photographic-blackening 

Method . 

This method depended upon the previous measurement of the spectral dis¬ 
tribution of the energy radiated from the various zinc-sulphides, together with 
a determination of the relative sensitivities of a photographic plate for lights of 
different wave-lengths. When both of these were known, it was possible to 
calculate the relative blackenings which would be produced in a photographic 
plate illuminated directly by light from screens of different zinc-sulphide, but 
of the same candle-power. Thus a determination of the relative blackenings 
produced by screens of different zinc-sulphide bombarded by equal numbers of 
a-particles enabled relative values of the luminous efficiency to be calculated. 

The relative sensitivities of a photographic plate for different wave-lengths 
were determined by taking faint spectrograms of a source of known spectral 
distribution, in this case a magnesium oxide screen illuminated by a 70-c.p. 
lamp of colour temperature 2660° K. On microphotometering the spectra 
and dividing the blackening at each wave-length by the intensity of the radiant 
energy of that wave-length in a source of 2600° K. and multiplying by the 
relative dispersion of the spectrograph used for that wave-length, the relative 
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sensitivities were calculated. These values of the sensitivities will only be 
correct when there is no selective absorption in the prism or lenses of the spectro 
graph. The actual prism used was one of heavy lead glass and had a stronger 
absorption in the blue than in the red part of the spectrum. This fact will be 
discussed later in connection with the results obtained. 

On multiplying the values of E* given in columns 8 to 12 of Table II by the 
values of the relative sensitivities at corresponding wave-lengths, and plotting 
these products against the wave-length for each zinc-sulphide, graphical inte¬ 
gration gives the relative blackenings which would be produced in a photo¬ 
graphic plate illuminated directly by screens of the various zinc-sulphides with 
the candle-powers of the a-ray tubes calculated in column 3 of Table III. 

Dividing the values obtained by graphical integration by the candle-power 
given in column 3 of Table III we obtain the relative blackenings Q produced 
in a photographic plate illuminated by light from screens of various zinc- 
sulphides but of the same candle-power. Or expressed mathematically 

Q = | E a x relative sensitivity cZXy^j X luminosity XdX. 

Portions of a photographic plate were exposed directly to the light from the 
zinc-sulphide screens when bombarded by a-particles from polonium in the 
same way as in the previous experiments, the number of a-particles and the 
size of the screen being the same for each zinc-sulphide. This plate was de¬ 
veloped and fixed together with the plate on which the spectrograms were 
taken for a determination of the relative sensitivities and then microphoto- 
metered. 

Dividing the blackening B obtained in each portion of the plate by the value 
of Q for the corresponding zinc-sulphide values were obtained which were 
proportional to the luminous efficiencies of the zinc-sulphide. 

Care was taken in these measurements to ensure that all blackenings measured 
were slight and therefore could be taken proportional to the expression 

| Ea X sensitivity X dX. 

The Table VI gives the values of Q and B for the various zinc sulphides and 
the value of the ratio B/Q. The values given for these quantities in the table 
have no absolute meaning, the values of B given being the actual photometer 
readings. In the fifth column are given the relative values of B/Q when the 
value for Giintz 112 zinc-sulphide is put equal to unity. In the sixth column 
are given the values of the relative luminous efficiency calculated from the 
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values obtained by the first method when the value for Gttntz 112 is put equal 
to unity. 


Table VI. 


Zinc-sulphide. 

Q. 

B. 

B/Q. 

Relative 

B/Q 

112 - 1. 

Relative 
luminous 
efficiency 
Gttntz 112 » 1. 

Glew .. 

780 

7'12 

0‘ 914 

0*50 

0-40 

Geiger .. 

582 

912 

O'157 

O'875 

0-92 

Tomasehek No. 10 . 

710 

5-36 

0-754 

0-42 

0*36 

Vert .... 

! 655 

1 9*05 

1*38 

0*706 

0*95 

Gttntz 112 . 

704 

12-05 

1-80 

1*0 

1*0 


The disagreement in the case of the Vert zinc-sulphide between the values 
obtained for the luminous efficiency relative to Giintz 112 = 1, can be explained 
by the fact that the prism of the spectrograph absorbed an appreciable amount 
of the blue light falling on it. The spectrograms will give too low values for 
the relative sensitivities of the photographic plate for wave-lengths in the 
blue region. Thus the zinc sulphides which have a large fraction of the total 
energy in the yellow region of the spectrum when compared with Giintz 112 
zinc-sulphide will appear to have low values of the relative efficiency. 

A considerably larger fraction of the radiant energy is situated in the yellow 
end of the spectrum in the case of Vert zinc-sulphide than in the case of Giintz 
112 zinc-sulphide, as will be seen by reference to fig. 2, where the spectral 
distributions are plotted for the various zinc-sulphides. 

Summary . 

A determination has been made of the radiant and luminous efficiencies of 
various zinc-sulphides when bombarded by a-particles. Surprisingly high 
values were obtained, namely, about 25 per cent, and 12 per cent, respectively, 
while the value obtained by Marsden for the radiant efficiency was 1*5 per 
cent. These high values are, however, in agreement with those calculated 
by Bemdt from data concerning radioactive luminous paints. Two rough 
methods were used to check the results obtained. 
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Some Experiments Concerning the Counting of Scintillations 
Produced by Alpha Particles.—Part III. Practical 
Applications. 

By J. Chariton, Ph.D., and C. A. Lea, B.A., Cavendish Laboratory, 

Cambridge. 

(Communicated by J. Chadwick, F.R.S.- -Received November 6, 1928.) 

A.— Investigation of the Influence of the Optical System Used 
on the Visibility of Scintillations. 

There are two important characteristics of the microscope or any other 
optical system used for scintillation counting, which may influence the number 
observed, namely, the numerical aperture and the magnification. In order 
to show clearly the rdle of each factor it seemed desirable to investigate how 
the percentage of the number of particles observed varied with the numerical 
aperture in two cases where the magnification was widely different. The first 
case chosen was the counting of scintillations with a microscope of magnifica¬ 
tion 50, where the numerical aperture could be varied at will by placing stops 
on the objective. Stops of black paper which fitted the objective and could 
be easily interchanged in the dark were used. 

The numerical aperture corresponding to each objective stop was measured 
in the usual way (see, for example, * Dictionary of Applied Physics,’ vol. 4, 
p. 205 (1923) ). The importance of the numerical aperture is not due to its 
influence on resolving power, but to its influence on the fraction of the light 
from a scintillation which enters the objective. From the definition of numerical 
aperture it follows that the fraction of the light entering the objective from 
the object viewed is $ (1 — Vl — (»• <*)*)• 

The results obtained are shown in fig. 1 (full curve), where the percentage of 
the scintillations produoed by «-particles of 2*7 cm. range, which were observed, 
is plotted as ordinate against the fraction of the total light from a scintillation, 
whioh is captured by the microscope objective, as abscissa. The manner in 
which the number of scintillations produced by a beam of a-particles falls off 
as the fraction of the light entering the eye is reduoed has also been investi¬ 
gated by B. Karlik,* who observed the scintillations produced by «-particles 
of 3*6 om. range with a microscope of numerical aperture 0*7, and reduoed 

• ' Wien. Akad. Ber.,’ vol. 136, p. 831 (1927). 
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the light entering the eye by photographic plates placed between the objective 
and the eyepiece. Her results are shown by the second curve in fig. 1. There 



is a considerable difference between the results obtained by B. Karlik and those 
obtained here. In both cases Giintz 112 zinc-sulphide was used, with crystals 
of average diameter about 25 |x. The magnification of the optical system was 
also very similar. It is difficult to suggest a reason for the divergence, the 
only difference between the methods being the device used for reducing the 
fraction of the light from a scintillation which entered the eye. 

In order to assist the visualisation of these results a second scale of abscissa 
is Bhown which gives in each case the number of quanta, evaluated as green 
light (K = 0*505 (jl), entering the eye from a single scintillation. This scale 
was calculated by using the value of 13 per cent, for the luminous efficiency 
of Giintz 112 zinc-sulphide, obtained in Part II of this paper, and assuming 
that 20 per cent, of the light falling on the objective of a microscope does not 
reach the eye. 

The variation with numerical aperture of the number of scintillations 
observed was also investigated in the case where the magnification was approxi¬ 
mately unity. The scintillations were observed with the naked eye, and the 
percentage observed when the eye was placed at various distances from the 
screen was estimated. Altering the distance of the eye from the screen will, 
of course, change the magnification as well as the fraction of the light from k 
scintillation which enters the eye, but to a muoh smaller degree. The fraction 
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of the light which enters the eye varies as the square of the distance, while 
the magnification varies as the first power. 

An attempt was made to count the number of scintillations visible when the 
eye was placed at various distances from the screen, but this was found to be 
impossible as the eye became fatigued too quickly. Two possible reasons for 
this might be tho difficulty of keeping the eye focussed at a definite distance 
and the small angle subtended at the eye by the screen. When observing 
scintillations with a microscope the focussing is so adjusted that the eye views 
the scintillations when it is completely relaxed. This fact enables the scintil¬ 
lations to be seen quite sharply over a long period without the eye becoming 
fatigued. Consequently a trial was made to see whether counting with a lens 
of 25 cm. fooal length would be practicable. It was still, however, impossible 
to count, even when the scintillations appeared quite bright. 

The percentage of scintillations observed at each distance was therefore 
estimated by a short glance at the screen, the total number being estimated 
by observing with a short focus lens with which the scintillations could be seen 
without difficulty. 

The estimation of large numbers of scintillations by rapid glances is not so 
unreliable as it might seem. An accuracy of about 20 per cent, can usually 
be obtained when the number of scintillations is large. The accuracy of such 
counting in the field of view of a microscope was tried several times where a 
strong source of short period was used to produce scintillations. An estimate 
of the number at various times was made and a calculation of the true number 
made subsequently when the source had decayed sufficiently to make precise 
counting possible. 

The use of a screen which would subtend a large angle at the eye was not 
attempted as the bombardment of it by oc-particles of definite range would 
have necessitated a special arrangement, while a simple estimation on a small 
screen gave results which could be considered as sufficiently accurate for the 
purpose. 

The results are given in Table VII where the percentage observed, the fraction 
of light from the scintillation which enters the eye (area of pupil when eye is 
dark adapted = 0-57 cm.,* and the corresponding radiant energy evaluated 
as green light ( X *= 0 • 505 (i) are tabulated for various distances of the eye from 
the screen. 

Comparing this table with the curve in fig. 1, it is at once seen that a smaller 
fraction of the light from a scintillation produces a sensation when the eye is 
* W. H. Sfceavenson,' J. Br. Ast. Assoc., 1 vol. 20, p. 303 (1916). 

VOL. OXXXI.—-A. Z 
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unaided than when a microscope is used. The limit visible in these two cases 
is seen to be 300 quanta and 30 quanta. 

Table VII. 


! 

Distance 
eye -* screen. 

Percentage 

observed. 

Fraction of light 
entering the eye from 
a scintillation. 

Corresponding 
number of quanta 
(X a* 0-505 

cm. 

Per cent. 



10 

100 

4-5 .I0- 4 

105 

17 

40 

1 - 57.10- 4 

68 

25 

r> 

0-726 . 10- 4 

32 


B.—Determination of the Velocity of the Slowest oc-Particles capable 
of Producing a Visible Scintillation. 

Some information concerning the visibility of scintillations produced by 
slow a-particles can be obtained from the works of Geiger* and Marsden and 
Taylor,f who used a magnetic field for the measurement of the velocities of 
the a-particles and detected them by the scintillation method. 

Geiger, while investigating the change in velocity of an a-particle passing 
through mica, found that the scintillations produced by a-particles having a 
velocity equal to 0*27 V 0 (where? V 0 is the initial velocity of the radium C. 
a-particle) were on the limit of visibility. 

Marsden and Taylor found, when carrying out somewhat similar experi¬ 
ment, that as they increased the thickness of mica covering the source, the 
particles were deflected more and more in the magnetic field until a point 
was reached where the velocity of the particles was 0*415 V 0 , after which on 
increasing the thickness of the mica the a-particles were not deflected further, 
but their numbers began steadily to decrease. The conditions under which 
the experiments were made would lead one to suspect, however, that the scintil¬ 
lations observed were produced by singly charged particles, the existence of 
which was unsuspected at that time. This would mean that the velocity of 
the particles observed was really 0*21 V 0 . 

The scintillations produced by a-particles of considerably lower velocities 
were detected by Rutherford in his experiment on the capture and loss of 
electrons by a-particles.£ 

* ‘ Roy. Sot. Pror.,* A, vol. 83, p. 505 (1910). 
t 1 Roy. Hoe. Pnx\,’ A, vol. 88, p. 143 (1013). 

}.* Phil. Mag.,* vol. 47, p. 282 (1024). 
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Rutherford considered that 0*25 V 0 is the smallest velocity at which scintil¬ 
lations can be conveniently counted, though they could still be observed when 
the velocity of the particles was as low as 0*15 V 0 . Counting was, however, 
difficult at this velocity. 

A brass box B, fig. 2, one end of which was covered with a thick glass plate 
P with a zinc-sulphide screen attached to the inner surface, was placed between 
the poles of an electromagnet and evacuated by means of a mercury diffusion 
pump with a rotary oil pump to produce the fore-vacuum. 

The source of a-partioles was a platinum wire of from 0*1 to 0*5 mm. in 
diameter which had been exposed to radon. The wire was held in position 
parallel to the magnetic field by a small holder II capable of being rotated about 
an axis passing through the wire. Rotation was effected by a screw S which 



pushed against a lever l attached to the holder. The screw could be operated 
in vacuo by turning a ground glass joint J. 

A small sheet of mica of stopping power 5*2 cm. was placed over the source 
and attached to the holder in such a way that the source was contained in a 
small air-tight chamber, which prevented contamination of the apparatus 
by radon. Rotation of the holder altered the distance traversed in the mica 
by a-particles proceeding in any definite direction. A brass screen D was 
placed half-way between the source and the zinc-sulphide screen. A slit was 
made in it in such a way as to be parallel to the source and in the same horizontal 
plane. The slit was 0*3 mm. wide and 8 mm. long. Scintillations were 
observed through a microscope which could be moved in a vertical plane. A 
diaphragm was placed in the eyepiece of the microscope so that only a narrow 
horizontal strip of the screen was visible at each setting of the microscope. A 
pointer fixed to the microscope travelled on a vertical scale which enabled the 

z 2 
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position of the scintillations under observation to be measured relative to the 
source and slit whoso positions had been previously measured. 

From these relative positions the radius of curvature of the path of the 
a-particle could be determined by geometry and when the value of the field 
was known the velocity could be calculated. 

In order to reduce scattering of the a-particles the walls of the box between 
the source and slit were lined with graphite and a liquid air trap was used to 
prevent mercury vapour entering the box. 

* If the a-particles which passed through the mica in a given direction emerged 
with a perfectly definite velocity, then for each setting of the holder and each 
value of the magnetic field a-particles would strike the screen in a band with 
definite velocity. By gradually altering the field it would bo possible slowly 
to reduce the velocity of the particles striking the screen till the scintillations 
disappeared. Three complicating factors, however, make impossible so simple 
a procedure. 

Firstly, the straggling of a-particles in a sheet of mica of 5*2 cm. stopping 
power is considerable. Consequently, if for a given direction through the mica 
the particles with the mean velocity will pass through the slit, then among 
particles which pass through the mica in directions on each side of this given 
direction a certain number having velocities suitably different from the mean 
will also be able to pass through the slit. Thus straggling in the mica will 
prevent the formation of a narrow band of scintillations and allow a-particles 
of a considerable range of velocities to strike the screen, the number having a 
given velocity being a maximum at some special value of the velocity and 
falling off on each side. But since all the a-particles come from the source 
and pass through the slit, straggling will not influence the resolution of the 
a-particles according to their velocities. Hence a wide band of scintillations 
will be formed on the screen, the number at a given point of the screen having 
a maximum at some definite part of the screen and falling off on each side in 
the form of a probability curve. 

The second complication arises owing to the fact that the a-particles which 
pass through the mica will have a probability of capturing an electron and so 
losing one charge. Also the probability of an a-particle losing a charge will 
depend on the distanco travelled in the mica, and, therefore, will be a function 
of their velocity on emerging from the mica. Consequently, from the low 
velocity (large deflection) side of the probability curve, scintillations will be 
missing owing to loss of charge in the mica, the numbers missing being greater 
the smaller the velocity. Now these particles which lose a charge will have a 
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velocity equal to the doubly charged particles which passed through a slit 
and consequently they will not reach the screen. Thus, a band of scintillations 
produced by singly charged particles would also be expected, but the maximum 
nujnber should be at a velocity smaller than that at which the doubly charged 
band is a maximum. 

Fig. 3 shows one of the curves obtained, the number of scintillations observed 
per minute being plotted against the deflection. Two maxima were obtained 



which obviously corresponded to singly and doubly charged particles. The 
velocity corresponding to the maxima were 0*23 V 0 and 0*31 V 0 respectively, 
This is in accordance with the conclusion arrived at above, that the velocity 
corresponding to the maximum of the singly charged particles must be less 
than that corresponding to the maximum of the doubly charged particles. As 
it was shown by Rutherford’*' the ratio of the number of singly charged particles 

* Loc> cit 
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to the number of doubly charged particles increases as the velocity diminishes. 
In fig. 3 this ratio is seen to be already more than unity. When the velocity 
of the a-particles falling on the screen was further reduced (by altering the 
field and the setting of the holder) the doubly charged particles eventually 
disappeared, and only one maximum was obtained, as is shown in fig. 4. 



On further reduction of the velocity a phenomenon similar to that observed 
by Marsden and Taylor* occurred. The velocity corresponding to the maxi¬ 
mum remained practically unchanged, while the number of the a-particles 
diminished. A curve for stich very low velocities is given in fig. 5. The results 
obtained in the previous chapter throw some light on this phenomenon, as 
will be shown later. 

The velocity of the slowest a-particles capable of producing a visible scintil¬ 
lation was determined from fig. 5, it being taken that the smallest velocity 
at which the number of a-particles observed is just greater than the background 
produced by scattering and contamination. This limit is marked by a dotted 
line and corresponds to a velocity = 0-13 V 0 . In both the experimental 
curves shown, points marked differently correspond to two series of counts, 
one travelling from top to bottom of the screen, and the other from bottom to 
top. 


* Loc. eii . 
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Taking for the limit the value V = 0-13 V 0 , then the energy of the a-particle 
will be 0-017 of the original energy of the a-partiole. 



In order to assist the visualisation of this result, let us calculate the energy 
entering the eye from such a scintillation in terms of quanta of green light 
{ X —- 0-505 p). Supposing the efficiency of the process of scintillation 
formation to be independent of tho energy of the a-particles, then if E is the 
initial energy of an a-particlc from radium C — 1 -3.10 -6 erg and if (J is the 
efficiency = 0-13 (Giintz 112 zinc-sulphide), 

y is the transmissivity of the microscope = 0-8. 
q is the energy in a quanta of green light X = 0-505 p = 3-9.10 -12 . 

/ is the fraction of light from the scintillation entering the eye objective, 
which for N.A. = 0*45 is 5-3 .10'" 2 . 

N = E X 0-017 . . y ■//? = 290 quanta (X = 0-505 p). 

C.— Summary op Experimental Results. 

(1) The minimum radiation entering the eye in short flashes of duration less 
than 1/100 second which produoed a perceptible sensation was evaluated in 
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terms of green light (X == 0-505 (jt) and was found to be 6-6.10" 11 ergs, or 
approximately 17 quanta. 

(2) The radiant and luminous efficiencies of the process of scintillation forma¬ 
tion in various zinc-sulphides were found to be of the order of 20 per cent, and 
10 per cent, respectively, but varying slightly among the different preparations. 

(3) The velocity of the slowest a-particles which produce scintillations 
observable in a microscope of numerical aperture 0*45 and magnification 50 
was found to 0*13 of the initial velocity of radium C a-particles, t.e., 2*7 .10 8 
cm./sec. In this case, using the value obtained for the efficiency of the zinc- 
sulphide used, the energy entering the eye, from a single scintillation evaluated 
as green light, has the value of 300 quanta (X = 0*505 p). 

(4) When scintillations produced by a-particles of 2 * 7 cm. range are observed 
with a microscope of magnification 50 and of variable numerical aperture, 
the scintillations become invisible when the numerical aperture is reduced 
below 0*08. With this value of the numerical aperture the energy entering 
the eye from a single scintillation evaluated as green light (X = 0*505 fx) 
is 290 quanta. 

When scintillations are observed with the naked eye placed at varying dis¬ 
tance from the zinc-sulphide screen, the scintillations become invisible when 
the eye receives less than 30 quanta per scintillation. 

D.— Discussion. 

Interpretation of Results Obtained . 

In order that scintillations shall be perceived by the naked eye an amount 
of luminous energy equivalent to 30 quanta of green light must enter the eye 
from each scintillation. When short flashes are occurring regularly both in 
time and position, only 17 quanta must enter the eye per flash in order that 
they may be visible. The difference—a factor of 2—is not surprising, when it 
is remembered that certain parts of the retina are much more sensitive than 
others, and the eye can be adjusted to .receive regularly occurring flashes on 
the most sensitive parts of the retina. 

The figures obtained for the energy entering the eye from a barely visible 
scintillation from the observation of slow a-particles and from the observation 
of bright scintillations and small numerical aperture are in good agreement— 
about 300 quanta. 

In the first of these two cases a slow a-particle only penetrates the surface 
layers of the crystal, while in the second case a fast a-particle travels to a con- 
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siderable depth in the crystal. The agreement between these two cases might 
be taken as a proof that the efficiency of the process of scintillation formation 
is the same in both cases. 

The values obtained in these two cases are, however, several times larger 
than those obtained with the naked eye. 

The reason for this divergence lies apparently in the optical properties of 
the zinc-sulphide crystals. The shape of the crystals is very irregular and, 
consequently, when an a-particle shoots through one of them, the light produced 
is reflected and refracted from the various surfaces and an image is formed in 
the microscope not of the actual path of the a-particle, but of the illuminated 
crystal itself. This can easily be seen by examining a zinc-sulphide screen 
bombarded by a-particles with a microscope of magnification 800. When an 
a-particle strikes a crystal the whole, or a large part, of the crystal appears to 
light up. When the crystals are more regular it is possible to see the actual 
paths of the a-particles in the crystal. Geiger,* using magnification 450, was 
able to see a-particle tracks in Willemite. The authors were able to observe 
the tracks in a diamond crystal, using a magnification 1200, when the tracks 
appeared as perfectly definite sharp lines. 

It is, therefore, quite reasonable to suppose that the “ size ” of a scintillation 
is the same as the size of a crystal of zinc-sulphide. Examination of the 
crystals under a high-power microscope shows that for Guntz 112 zinc-sulphide 
the dimensions of the crystals vary between 10 p and 50 p. But the majority 
of the crystals appear to have an average diameter of 25 p. Consequently, 
the size of the image on the retina of a crystal viewed with the naked eye placed 
at a distance of 25 cm. will be about 2*2 p. When a microscope magnifying 
50 times is used the size of the retinal image will be about 110 |x. 

The dimensions of the retinal image of the crystal when observed with the 
naked eye are of the same order as those of the retinal image of the flashing 
point used in the determination of “ the limit of vision 99 (6 fx). Between 
these two cases we find a good agreement for the value of the limit. The 
question rem ains whether the increased size of the retinal image when a micro¬ 
scope is used is sufficient to account for the increased valuo of the limit obtained. 

Information concerning the relation between the size of retinal image of the 
stimulus and the corresponding “ limit of vision ” can be obtained from 
Prentice Reeves’f work. 

Although the experiments of Reeves were performed with steady sources of 

* 1 Z. Physik/ vol. 8, p. 191 (1921). 
f 4 Astrophys. JV vol. 47, p. 341 (1918). 
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light, it seems improbable that the influence of the size of retinal image on the 
limit of vision will be different in the cases of short flashes and steady light. 



Kig. 6. 

Reeves’ results are shown in fig. 6 where the value of the limit in ergs per 
second are plotted against size of retinal image, logarithmic scale being used. 
Three points taken from the work of M. Buisson* are also shown together with 
the value of the limit obtained in the first chapter of this work. 

The curve shows that the minimum radiation visually perceptible increases 
gradually as the size of retinal image increases until the neighbourhood of 
10~ 3 mm. 2 is reached, the limit then remains constant as the size of image 
increases to 0*1 sq. mm. and then begins to rise again. 

The size of retinal image of scintillations viewed with the naked eye and 
microscope are 5 X 10"° sq. mm. and, KT a sq. mm. respectively. From 
Reeves* and Buisson’e results it is seen that the limit increases about six times 
in this interval. A check on this increase was made with flashes instead of 
steady light and an increase of four times was found, which is somewhat less 
than the factor of 10 obtained between the values of the limit calculated 
from the observation of scintillations with the naked eye and through the 
microscope. 


* 4 Astrophys, vol. 46, p. 296 (1917). 
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If this interpretation of the figures obtained is correct, the best optical system 
for counting would theoretically be one of large numerical aperture, but of 
magnification unity or very little more. Small magnification would, however, 
necessitate the use of a large area of zinc-sulphide screen, since for the comfort 
and precision of counting a large field of view is desirable. Hence the applica¬ 
tion of low magnification can only be of practical value in very special cases. 

From the results given above some information can be obtained as to the 
minimum velocity of the a-particles, whose numbers can be reliably determined 
by counting the scintillations they produce. From fig. 1 it can be seen that 
the number of scintillations observed begins to drop off when the energy 
entering the eye is less than 1200 quanta (X = O'505 pi). 

From this result it can be readily calculated that a-particles to be reliably 
counted, with a microscope of N.A. 0 • 45 and magnification 50, should have a 
velocity not less than 0 • 25 V 0 when; V () is the velocity of the a-particles from 
radium C. This velocity corresponds to a residual range in air of 3*5 mm. 

It is interesting to note that this figure coincides with that given by Ruther¬ 
ford* for the slowest a-particles which can be conveniently counted. The 
limit of visibility which is given here as 0*13 V 0 is also very nearly equal to 
the figure given by Rutherford for ‘'difficult counting,” namely, 0*15 Y 0 . 

When a microscope of numerical aperture 0*45 is used the energy entering 
the eye from scintillations produced by a-particles of velocities between 0*25 
V 0 and O'13 V 0 has a value between 1200 and 300 quanta. Thus, according 
to the curve, fig. 14, not all the scintillations produced will be observable. 

If these results are applied to those obtained in Section B an explanation 
may be given for the phenomenon observed by Marsden and Taylor, and also 
by the authors, in which the maximum of the number of a-particles deflected 
in a magnetic field became immovable after a certain limit was reached. If 
we suppose that the actual distribution of the a-particles on the screen has a 
ma xim um at O'15 V 0 , the distribution of scintillations observed will be quite 
different. The value of the maximum will be reduced, as only 25 per cent, 
of the scintillations will be seen (when observed by a microscope of N.A. 
0*45), and the maximum of the number observed will be removed to the region 
of larger velocities. This may be the reason why the maximum of the scintil¬ 
lations observed could not be replaced towards the region of smaller velocities. 

If the number of quanta entering the eye from each scintillation is known, 
then the true number of a-particles striking the screen can be obtained from 
the number observed, with the help of the curve in fig. 1 . The dotted curve in 
♦ * Phil. Mag.,’ vol. 47, p. 282 (1024). 
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fig. 5 shows the actual number of a-particles obtained in this way. This 
method of correcting the number of faint scintillations observed can only be 
applied when the scintillations under observation are produced by a homo¬ 
geneous beam of a-particles. This can be readily seen by comparing a curve 
showing how the number of scintillations produced by a beam of a-particles 
falls off as their range is reduced, with the curve in fig. 1. The difference 
between these two curves seems, however, to be of the order that would be 
expected from the known straggling of the a-particles. 

Scintillations produced by (3- particles. 

It is well kno wn that (3-particles produce a strong fluorescence in zinc-sulphide. 
Since, however, the fluorescence produced by (3-rays is of quite a different 
appearance to the scintillations produced by a-particles the presence of (3-rays 
does not in general prevent the counting of scintillations due to a-particles, 
though it may introduce a disturbing influence owing to the brightness of the 
zinc-sulphide screen, and the fluctuating character of the fluorescence, due to 
the fluctuations in the number of (3-particles fading on different parts of the 
screen. 

The reason why (3-particles produce a general fluorescence rather than 
scintillations is, of course, due to the fact that a (3-particle in passing through 
an average ZnS crystal does not lose sufficient energy to produce a visible 
scintillation. It has been known in this laboratory for some time, however, 
that under certain conditions very faint scintillations can be observed when 
only (3-particles are allowed to fall on a ZnS screen. This observation can be 
simply explained and shown to agree with the data given in this paper. 

The crystals of ZnS had an average dimension of about 25 p,. It is difficult 
to estimate how much energy would be lost by a (3-particle in passing through 
such a crystal, but we may take as a rough approximation for average (3-rays, 
such as those of RaE, a value of 14,000 electron volts. Assuming the same 
luminous efficiency for (3-rays as was found for a-rays, the luminous energy 
radiated by a ZnS crystal when a (3-particle passes through it will bo about 
060 quanta of green light. If a microscope of 0 • 65 N.A. is used for observa¬ 
tion, the amount of energy which enters the eye will he about 80 quanta. It 
has been shown that about 300 quanta are required in order that a scintillation 
should be visible through a microscope, and therefore the scintillation due to a 
single (3-particle cannot be detected. If, however, several (3-particles struck 
the same ZnS crystal during the period of relaxation of the eye sufficient 
luminous energy may be released to give a visible scintillation. If the total 
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number of (3-particles falling on the screen is small the possibility of this event 
is small. If the number of [3-rays falling on the screen is large the required 
event may occur frequently, but the general fluorescence of the screen may be 
so intense as to prevent the observation of the scintillations. There should, 
therefore, be a certain range of density of the (3-radiation which is most favour¬ 
able to the observation of the scintillations. This corresponds to our experience 
and explains why (3-particle scintillations are not generally observed. 

Let w 0 be the average number of [3-particles falling on each crystal per 
second, and let n be the number which must strike a single crystal during a 
period of relaxation of the eye (1/10 second, say) in order that a scintillation 
may be observed. Then the probability that a scintillation will be produced 
in any given crystal during 1 / ID second will be merely the. probability of more 
than n occurrences when the mean number of occurrences is n 0 /10. Thus, if the 
number of crystals in the field of view of the microscope be N, the number of 
scintillations per minute will be 

i ~ 

'V JlLr i?>. BOON - P. 

» = ,, n\ 

No very definite idea can be obtained from this expression as to the intensity 
of (3-ray bombardment necessary for the scintillations to bo most clearly seen, 
without precise knowledge as to how the visibility of scintillations varies with 
the intensity of the general illumination of the screen. It can be expected, 
however, that the best conditions will be realised when n 0 is considerably 
less than n , but sufficient to give P a value which is reasonably countable. 

A test of the above reasoning can, however, be made by adjusting the 
distance of a (3-ray source from a zinc-sulphide screen until the optimum con¬ 
ditions are obtained, estimating the number of scintillations observable per 
minute, calculating the value of n by substituting for P in the above expression 
and seeing if the value obtained agrees with the ratio of 300 quanta, the 
minimum visible, to 80 quanta, the maximum entering the eye from a single 
(3-particle striking a ZnS crystal. 

The following experiment was performed. A ZnS screen was bombarded 
by (3-particles from a source of radium E and observed with a microscope of 
N.A. 0*65. Sheets of mica of total air equivalent of 16 cm. were placed over 
the source to prevent the production of scintillations by H-particIes. 

When the source was placed at a distance of 0*5 cm. the screen glowed 
strongly, but at a distance of 1*0 cm. about 100 very faint scintillations per 
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minute could be observed. Further displacement of the source produoed a 
rapid decrease in the number of scintillations and finally a complete dis¬ 
appearance. 

The (3-ray activity of the source was measured and found to be 0*3 milli- 
eurie. The a-ray activity of the source was also measured and found to be 
0*1 millicurie, with the mica sheets removed. 

The field of view of the microscope was 7 sq. mm., the number of crystals 
on this area being about 7000. From these data n Q has a value of about 10, 
and substituting P «= 100 in the above expression, we find that n has a value 
of about 7. This is in reasonable agreement with the ratio 300/80 obtained 
in the foregoing as a minimum value of n. 

F.- Mechanism of Scintillation Process. 

Pure zinc-sulphides, as it is well known, do not scintillate when bombarded 
by a-particles, nor do they fluoresce under the action of light. In order to 
“ sensitise ” the zinc-sulphide to the action of these factors an insertion of 
minute quantities of impurities, such as copper, manganese or some other 
metal, is necessary. The amounts of impurities in commercially-used zinc- 
sulphides, or those employed for scintillation counting, are of the order of 0*01 
per cent. It is indeed very surprising that such a small amount of foreign 
matter produces such a capital change in the properties of the crystal. 

Lenard* supposed that the foreign atoms bound in the crystal lattice pro¬ 
duced local disturbances which are responsible for the observed change of 
properties. Very little, however, is known as to the nature of these active 
centres or the kind of disturbance they produce in the crystal lattice. 

The high values obtained for the radiant efficiencies oblige us to adopt a rather 
definite picture of the mechanism of scintillation production.! It is quite 
obvious that if a is the efficiency, at least the part a of the whole volume of the 
zinc-sulphide crystals must be occupied by active centres, since the rate at 
which the a-particle loses energy cannot be appreciably different in the active 
and inactive parts of the crystal. We.must assume, therefore, unless we 
suppose the efficiency of transformation of the energy of the a-particle into 
light is considerably greater than 100 per cent, in the active parts of the crystal 

* * Handbuch der Experimental P hysik,’ vol. 23, p. 80. 

f It may be interesting to note here that the values obtained by H. W. Ernst (* Ann. 
Physik,’ vol. 82, p. 1051 (1927)) for the efficiency of the transformation of the energy of 
cathode rays into radiant energy in certain fluorescing substances were of the order of 
10 per cent. 
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that practically all the volume of the crystal is effective in producing scintilla¬ 
tions. 

The disturbances caused by the impurities are, therefore, apparently spread 
all through the volume of the crystal, forming a kind of network of slight 
strains which allow the molecules of the crystal to respond to excitation by 
a-particles in a way which is impossible in the normal crystal. 

This suggestion is in agreement with the conclusion arrived at by Rutherford 
in his “ Theory of luminosity produced in certain substances by a-rays.”* 

By analysing the experimental data concerning the decay of luminosity 
under prolonged bombardment obtained by Marsden,f Rutherford came to 
the conclusion that the dimensions of the “ active centres ” are of molecular 
order. The suggestion then that the whole crystal is active, i.e., all the mole¬ 
cules are active, seems to be consistent with Rutherford’s theory. 

In order to explain the rate of decay observed by Marsden, Rutherford 
assumed that the radius of action of the a-particle, i.e. } the diameter of the 
cylinder drawn around the a-particle in which all the active centres were 
destroyed, is of the order of 1 *3 X 10 7 cm. in zinc-sulphide. From the point 
of view offered here tliis will mean that all the disturbances or strains produced 
in the crystal by impurities are destroyed in a cylinder of this diameter drawn 
around the path of the a-particle. 


Summary. 

The question of how the amount of light entering the eye from an individual 
scintillation affects the number of scintillations observed was investigated. 
The results were not in agreement with those obtained by B. Karlik. 

Scintillations were observed with the naked ©ye, and it was found that a 
smaller fraction of the light from a scintillation produces a visual sensation 
when the eye is unaided, than when a microscope is used. A partial explana¬ 
tion was given in view of the difference in the sizes of the retinal images in the 
two cases. 

The velocity of the slowest a-particle capable of producing a visible scintilla¬ 
tion was measured. The value obtained agreed very closely with that given 
by Rutherford. 

The experimental results obtained in the three parts of the paper were 
summarised and discussed. 


* ‘ Roy. Soc. Proc./ A, vol. 83, p, 661 (1908). 
t ‘ Roy. Soc. Proc.,’ A, vol, 83, p. 548 (1908). 
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An explanation was given of the formation of very faint scintillations when 
p-rays fall on a zinc-sulphide screen in suitable numbers. 

The high value obtained for the efficiency of the scintillation process in 
Part II of this paper was discussed in connection with the mechanism of 
scintillation production. 

The authors would like to express their gratitude to Sir Ernest Rutherford 
for the interest he has taken during the progress of this work. They would 
also like to thank Dr. J. Chadwick for suggesting the problem and for many 
helpful suggestions and criticisms. They are further indebted to Mr. G. R. 
Crowe for the preparation of radioactive sources. 
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§ 1. It is an admitted fact that Dirac’s wave functions* are not the com¬ 
ponents of a tensor and that his wave equations are not in tensorial form. It is 
contended here that therefore his theory cannot be upheld without abandoning 
the theory of relativity. The object of this paper is to formulate a system 
of wave equations which shall possess the same advantages as Dirac’s equations 
and which shall be tensorial in form in accordance with the general theory of 
relativity. 

Since a tensor is a set of numbers representing in some system of co-ordinates 
some physical entity, it follows that to every transformation (S) of the co¬ 
ordinate system there must correspond one and only one transformation (T) 
of the components of the tensor. Moreover the fundamental principle of all 
relativistic theories is that the product of any pair, T x , T a> of the transformations 
(T) must correspond to the product of the corresponding pair, S x , S a , of the 
transformations (8). This may be briefly expressed by saying that the groups 
(S) and (T) are similar.! 

Darwin;}: has proposed a law of transformation for Dirac’s four wave func- 

* 1 Roy. Soc. Proc.,* A, vol. 117, p. 610, and vol. 118, p. 861 (1928). 
t Riooi and Levi-Civita, 4 Math. Ann,,’ vol. 54, p. 128 (1901). 
t 4 Roy. Soo. Proo,,’ A, vol. 118, p. 654 (1928). 
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tions. By means of liis equations and proper limitations upon the values of 
the parameters a definite transformation (T) of the wave functions may be 
associated with every transformation (S) of the general Lorentss group. But 
it is evident upon an inspection of liis equations that the groups (T) and (8) 
are not similar. In example, two half-turns about the same axis yield the 
identical transformation in the (8) group. But the product of the corre¬ 
sponding (T) transformations fails to yield the identical transformation. 
Hence wave functions obeying Darwin’s law of transformation would not be 
tensors, and, unless relativity is to be discarded, they could not have any 
phy si ca l sign ifi cance. 

Happily it is possible to replace Dirac’s equations by a tensor equation 
satisfied by a wave tensor, of the first rank. The components of this tensor 
are formally distinct from the wave functions of Dirac, but the wave equations 
fulfil the two conditions laid down as the foundation of Dirac’s investigation, 
namely, they are linear differential equations of the lirst order and they yield 
the Schrbdinger-Gordon wave equation when there is no electromagnetic 
field. 

§ 2. The Characteristic Tensor, 

Gordon* has shown that Dirac's wave equations may be written in the 
symmetrical form, 

£ | (y v 4) ~ 

where to = 2nmcjh t X = 27 xe/hc, >< v is the covariant electromagnetic potential 
tensor, (<£) denotes an ordered set of wave functions (<f> v <f > 2 , <f> 4 ), while 

(ydenotes the set of four functions obtained by operating on (<j>) with the 
linear substitution defined by the matrix y r . The form of this equation sug¬ 
gests that the wave functions should be taken as the components of a covariant 
tensor of the first rank. In rewriting the wave equations in tensorial form we 
denote the covariant derivative of ^ with respect to uf by the symbol, 
and we introduce the characteristic tensor, y* 1 *, which determines the con¬ 
stituents of the four matrices, The wave equations may then be rewritten 
as 

ioxf>* - -r*. (4>j 9 +;x (A) 

We shall assume that the matrices are Hermitian, so that the contravariant 
tensor, y**" 1 , associated with the characteristic tensor, satisfies the relations, 

yMv« ^ (B) 

where y denotes the complex number conjugate to y. 

* Gordon, * Z. Physik/ vol, 50, p. 630 (1928), 

2 A 


von. exxn.— a. 
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To determine what further restrictions must be placed upon the character¬ 
istic tensor it is sufficient to consider the wave equations for a free electron, 
namely, 

i co^a = •(&)*• 

We require these equations to lead to the result 

— to 2 c/>„ = g rv ((j> a )r^ 

where g 7v is the fundamental contravariant tensor of the metrical manifold. 
This implies that the characteristic tensor satisfies the relations, 

r v n . + r r « • rv = (c> 

and 

r '■ (y*V), - o. (i>) 

In deducing the wave equations from a Lagrangian function (§ 3) and in 
obtaining the equation of continuity satisfied by the stream tensor (§ 5), it 
is necessary to add the further condition, 

(y^h = 0. (K) 


The four conditions, B, C, 1), ft, will be referred to as the “ characteristic 
equations.” 

If we introduce the fourth rank tensor, defined by the equation 


we may write 


(F) 


-r„-y a \ = g r, g/ -f (i,r* I 


and 

Y^.Y'V = - (V T " J 

(G) 


We notice that is anti symmetrical in t and v, and that, in virtue of 
equations (D) and (E), it satisfies the equation 


(H) 

§ 3. The Lagrangian Function . 

Guided by the form of the wave equations (A) we take the Lagrangian 
function to be 

8 = (-—</)* L, 

where 

L = 4> a x, + ¥ 4> a - y« >m h Q>%}- 

If we denote the three-index symbols of the second species by r„“, the co- 
variant derivative in L is 


(n-jj£+iv*'. 
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We find that 

3«/0r - (-*)*{U - i i-r^ ■ & r„/}, 

where 

L« io<f> 0 f y M '„. {(fr*</y),. — X<^,,«■„') ; 

and _ 

a */ a (J£) =( .• /)1L -'- 

where 

L a ' - - « - | W*' 


by equation (LI), 
tensorial form, 

whence 


Hence the Lagraugian eqtiations may be written in the 

(L/h L f o 


— 0> (j)„ — X^K,}, 

which is equivalent to (A). 


§ 4. The Wave Equations. 

In deducing the second order wave equations we introduce the electromagnetic 
tensor of the second rank, 

F T1 . = (/C T h — (*,,),* 

and we make use of the relation, 

9 TV (f< r)r = («*')„ = 0. 

Then, if we substitute 

-- Y-f 

in the equation 

iauf> a = y+ iX^ic*}, 

and make use of the characteristic equations, we obtain finally the second 
order equation, 

- *>V. - <T (Wr, + 2»XjT- EY k 7 kY + F T1 ^. (I) 

§ 5. The Stream Tensor . 

The stream tensor, which determined the charge and current density, may 
be defined as 

j v = — 9L/X 3*v = (J) 

We proceed to establish the equation of continuity. 


2 a 2 
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From the definition of f and from equation (E) we find that. 

ax - * (M- - (^)-T Mwr - <f>. 

■ - & (from equation (B)) 

- (M.rv • <£ M * 

Therefore, from the wave equation (A) and its conjugate, 

(j% — 6* (»'W^ “ Ay ^a^Kv) 

+ (— + iXy*V • <M>) 

= i'k(y a, ' h .y'* ,a ) — 0 (by equation (B)). 

Hence the stream tensor satisfies the equation of continuity, 

= 0. (K) 

§ 6. The Magnetisation and Polarisation Tensor. 

Following the method used by Gordon {loc. cit.) we now analyse the total 
stream tensor into two parts, one due to convection, the other to magnetisation 
and polarisation. 

By the definition of the stream tensor, 

2io)j' =? uofa + <f> u Y*' a iM(l>n 

- - -r* ■ y“ r M {(X)r - <f>„ 

r r'’T"„ {(<Mt + a<f>*K,} <j>« (by equation (A)) 

= - (S f V 9* - K r ") U% - *>^V T } <f>„ 

+ (s ,T ‘'flV + (by equations (B) and (G) ). 

Hence, having regard to equation (H), we may write 

2i«j" - *" + (M T % (L) 

where 

»*' - <r \r (^). - (+% <f>« + mwm*}, 

and 

M w =,■ (M) 

The latter is the required tensor giving the polarisation and magnetisation.* 

* See ftlno Darwin, ‘ Roy. Sot?. Proc.,’ A, vol. 120, p, 021 (1928). 
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§ 7. The Quadratic Invariants. 
The simplest real quadratic invariants are 

A! = </>«</>“, A 2 ~~ <f>a<f> U + 

and _ j 

A 3 —• t ( <f> ti <j> a <f>n<f>*)> 


(N) 


and these are all necessarily independent. 

To calculate the invariant j y j v we express the stream tensor in four equivalent 
forms, as 


Then 


Therefore 


j v - FT'-h ^ 0 V*m^ 
f - 

iff - <-r«i- r r *'T»w <f>« ^ 

= 2 < 7 t ' <£ a cf> a (j lr <f> M (by equation (C) . 

/j, - 4 V- 


( 0 ) 


I have not been able to express the invariant M" M ri , in terms of the quad¬ 
ratic invariants given above. Possibly Darwin’s result* depends upon the 
degenerate form of the characteristic; tensor used by Dirac. 


* fjne. tit. 
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The Charge of an Electron . 

By A. S. Eddington, F.R.S. 

(Received December 10, 1928.) 

1. It is well known that the ratio of he to e~ is a pure number. The methods 
of macroscopic physics break up the number and scatter its factors, so that it 
strikes us as an artificial construction and its dimensionless character seems an 
irrelevant curiosity. But in the wave-theory of the interaction of electrons 
the number is kept intact. Since electric charge is only manifested in the 
interaction of at least two charges it is useless to consider a solitary electron. 
The most elementary appearance of e in physics is in the wave-equation for 
two electrons (or an electron and proton) ; it there occurs in the combination 
he fine 2 as the coefficient of certain terms. 

The experimental value of he fine? is 137*1 (Millikan’s data). According 
to the theory proposed in this paper it should be the integer 136. Although 
the discrepancy is about three times the probable error attributed to the 
experimental value, 1 cannot persuade myself that the fault lies with the theory. 
The basis of my argument is the Exclusion Principle in the form given by 
Fermi and Dirac, viz., that the ^ functions pertaining to a pair of electrons 
must be antisymmetrical. Combined with the theory of relativity, this appears 
to lead in an unforced manner to the value 136, viz., the number of symmetrical 
terms in an array of 16 rows and columns. 

The chief steps of the deduction are : (1) The exclusion principle describes 
a mutual interaction of two electrons and it is unlikely that there is another 
independent kind of interaction ; thus if correctly formulated it should com¬ 
prise all their interaction, and hence determine the value of e. (2) Its most 
natural formulation does in fact lead to terms agreeing in form with those 
attributed to electric charge in the wave-equation. (3) The determination of 
the numerical coefficient of these terms depends on the number of degrees of 
freedom assigned to a system. If we are convinced that this is the correct 
line of attack, we shall probably be willing to accept the number of degrees 
of freedom suggested by the observational value, and contrive to arrange the 
phenomena in some kind of scheme which has the required number ; this is a 
kind of exercise in which small mistakes are unlikely, that is to say, we might 
hesitate between 10 and 136 and 256, but not between 136 and 137. But in 
addition there converges towards this a result hinted at by the analysis in my 
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former paper,* viz., that the “ axes ” identified as those of space and time in 
macroscopic theory are a selection from a set of 16 ; so that the full 16-space 
may be expected to appear in non-degenerate problems. If the problem is 
admitted to be one of 16-space it becomes fairly obvious that the appropriate 
number of degrees of freedom is 136. In fact the 336 degrees of freedom are 
merely the direct extension to a two-electron problem of the 16 “ rotations ” 
in the one-electron problem with which my former paper was largely occupied. 

1 am not very satisfied with the form in which I have to leave the con¬ 
ceptions towards which the theory leads. There is too much use of classical 
analogies— a method general enough a year ago, but which the quantum theory 
is gradually succeeding in replacing. But to make much improvement would, 
I think, lead into broader problems than I can well tackle, and it is perhaps 
not essential to the main purpose of this investigation. There are weak places 
in the deduction where the conceptions become too hazy to guide us definitely ; 
but by that time we seem to be well in sight of the goal, and may have confidence 
to make the necessary jumps. 

At the last moment I have learnt of a new determination of c by Siegbahn 
which gives 4*792 . 10“ 10 . I understand that a higher value is obtained which 
would closely confirm the present theory : but there has not been time to 
verify this information. 

2. In classical physics interaction between two particles indicates a difference 
in the behaviour of one according as the other is or is not present. In modern 
theory this is translated in terms of probabilities and interaction signifies a 
difference in our expectation of behaviour, so that the probabilities associated 
with one particle are modified by the presence of the other. There are two 
ways of treating this modification. The analysis in statistical problems 
consists in determining the way in which a priori probabilities are modified 
by special information and we may regard the modification due to interaction 
as special in this sense. Or we may incorporate the modification in our basis 
of probability and adopt a “ new statistics.” 

Both alternatives have been used in describing the interaction of a pair of 
electrons. We introduce an electrical repulsion between them which is a special 
factor modifying the a priori probability of distribution. But we also assume 
that they obey a new statistics, viz., that of Fermi and Dirac. If these were 
two really independent kinds of interaction, it would nevertheless be desirable 
to express them in more comparable form. But it is reasonable to expect 
that if we examine one of them, say the Fermi-Dirac interaction, more care- 
* * Roy. Soc. Proc., 1 A, vol. 121, p. 524 (1928), 
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fully it will be found to contain the whole, and the interaction commonly 
ascribed to electric charge will be found to be merely the same thing in another 
guise. 

It has probably not escaped notice that it can scarcely be necessary to 
postulate Fermi-Dirac statistics in addition to electric charge. The energy- 
term e 2 /r 12 due to the charges introduces a singularity in the wave-equation 
for r J2 *-*0, and this probably will prevent the equation from being satisfied 
by any finite symmetrical eigenfunctions ; the antisymmetrical functions are 
saved because they give -- () for r 12 — 0. The present paper pursues the 
converse idea—it can scarcely be necessary to postulate electric charge in 
addition to Fermi Dirac statistics, 

3. No physical phenomenon is affected by interchanging the identity of 
two electrons, anv more than it is affected by rotating the axes of space and 
time. If therefore our formulae exhibit the two electrons as though they had 
assigned identity, the convention is on the same footing as a special choice of 
space and time axes. It suggests itself that we should envisage a wider 
principle of relativity which admits, in addition to a rotation of space* and time 
a “ rotation ” which will interchange the identity of two electrons. Now that 
an electron is no longer thought of as localised at a point such a conception is 
not ruled out by a barrier of discontinuity. 

We have to consider a certain difficulty which arises in representing the 
position of a pair of electrons in space and time by 8 co-ordinates. Denote 
collectively the co-ordinates of two electrons e and e by q and q respectively, 
and consider a particular arrangement q = a, q' = p. The two points in 
8 dimensions (a, p) and (p, a) represent the same state of affairs, and by the 
exclusion principle the y functions are related by the transformation 

^ (a, p) ^ (6, a). (i) 

It is not conducive to clearness of thought to continue to attribute two 
probability functions (a, p) and (p, a) to a given pair of electrons, and we 
should rather adopt a single function , 

'F - (a, p) - ^ (f, q')> (2) 

which can i nclude them both. Here 0 is a “ co-ordinate ” of the pair of electrons, 
which like other co-ordinates is relative to a frame of reference ; but instead 
of being relative to particular axes of space and time it is relative to a particular 
assignment of identity to the two constituents of the pair. In particular 
when b increases ,by it the identity of the two electrons is interchanged. We 
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regard the form (2) as the analytical expression of the exclusion principle. 
If, as iisual, action is identified with the phase of the probability wave, 0 will 
represent the mutual action of the two electrons. 

This simple form applies only to Schrbdingerh original theory in which 
there is but one ^-function. In Dirac’s theory there are four ^-functions for 
one electron, and therefore 16 for two electrons. An extension of (2) is there* 
fore required which will presumably introduce matrices. Since 

c iH cos 0 -f i sin 6.1, 

the natural generalisation is to replace it by 

cos 0 | i sin 6 , E M , 

where E M is one of the sixteen matrices (including 1) in my former paper. 
We shall see, however, in §5 that tic 1 corresponding matrices for the two- 
electron problem are double and may conveniently be denoted by E M E,/. 
We therefore have in place of (2) 

V - K (6. EJE/) (q y </) - (cos 0 f- i sin 0 . KJV) * (</, </'). (3) 

It is still true that increase of 0 by ~ reverses the sign of 4". so that by the 
exclusion principle the conventional identity of the two electrons has been, 
interchanged. Moreover the transformation which changes the identity now 
appears as part of the ordinary relativity investigation, because (except that 
they have been extended from one to two electrons) the transformations (3) 
are precisely those employed in my earlier paper (loc. cit. § 5) for investigating 
the relativity of space and time. 

We might in fact have taken these rotations of the special relativity theory 
as our starting point. When it is “rotated ” through an angle, the space and 
time axes are rotated through the double angle. In the particular case when 
the double angle is 2 n our space and time frame of reference has come back 
to its original position. What significance can we attribute to the fact that ^ 
has as yet only performed half a revolution % The answer is that that part 
of our frame of reference which does not relate to location in space and time 
but is concerned in assigning separate identity to indistinguishable electrons, 
may have gone through only a half-cycle and therefore be reversed. By thus 
associating a reversal of identity with the reversal of sign of by its half¬ 
revolution we reach the exclusion principle. 

4. There will be a close parallelism between the angular “ co-ordinate ” 0 
that we have introduced and an angle <f> specifying orientation in space. Both 



362 


A. S. Eddington. 


are relative and have no determinate value until we have chosen an arbitrary 
reference origin for them. Both may be in various “ planes,” the planes of 6 
being distinguished by the various matrices E M E„'. Both are of the nature of 
ignorable co-ordinates ; owing to their symmetry they do not enter directly 
into dynamical equations, but they may have angular momenta associated 
with them which are of dynamical importance. Further, such angular 
momenta will be quantised, since quantisation results from the necessity that 
^ should be a single-valued function of all angular variables. In the case 
of 0 we already know from the exclusion principle that is singly periodic 
in 0, so that the quantum number is fixed as unity, f 

Let r vl be the distance between the two electrons. More strictly it is the 
space-like interval between them and therefore an invariant; but in most 
applications the two electrons are considered at the same instant so that 
becomes the simple distance. If now 0 is increased by 7r there is a discordance 
between the spatial and the dynamical view of what has happened. The 
point P where the electron e was has come back to P and the point P' to P', 
but the electron e is now at P' and the electron e’ at P. We are therefore 
justified in thinking of 0 as an angle turned through by r 12 . The turning, 
however, will be in directions outside our four-dimensional world, since a 
rotation It (0, EJ does not necessarily give purely internal transformations of 
space-time and a rotation for two electrons R (0, E M E/) is a still more analytical 
conception ; however the rotation if continued through an angle rr reverses 
r ia end for end. 

Hence 9/r ia 90 is a symbolic momentum in the same way that 3/3# is a 
symbolic momentum. These symbols are interpreted by being placed between 
Y* and Y. viz. :— 

‘F'J-'F, 'F*— 

ox r V2 30 

But by (2) the second expression is equal to 

T* (i/r It ) Y, 

so that i/r l2 is a symbolic: momentum. For the corresponding matrix 
expression (IP we have 

-gj ^ (~ 8 + * cos 0 . E„E/) 4 (f, q') 

** (cos 0 + i sin 0 E m E/) (?, q') = iE^E/T, (4) 

t Higher quantum numbers would correspond to particles with integral multiples of 
the unit charge. It is conceivable that this might have some interest in connection with 
the charges of atomic nuclei. 
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since (E M E/) a 1. Thus the symbolic momentum (comparable with djdx) is 

F V E/ (i/r w ). (5) 

From a geometrical standpoint it is unlikely that a rotation It would occur 
exactly in one of our chosen principal planes indicated by E M E/, and wc should 
have to resolve it into its components in these planes. But the conception of 
intermediate planes is difficult to deal with since the principal planes are not 
all perpendicular to one another (he. cit, § 7). We shall here evade this by 
assuming that the idea of R being related to a particular plane is introduced 
only as a basis of statistics. When, therefore, in actual problems we suppose 
the direction of the plane to be at random, this condition will be considered to 
be more precisely expressed in tie? form that there is an equal 1 /nth chance 
of R being in each of the n principal planes. 

Accordingly the momentum (5) for a rotation R in the plane E^E/ must be 
multiplied by the chance 1 [n that R is in this plane, so that statistically the 
component momentum is 

EJV—. (6) 

n h j 2 

It looks as though a difficult question might face us, viz., what to do with 
this 0-momentum when we have determined it; because it formally concerns 
the momentum of one electron relative to the other, whereas the wave-equation 
is concerned with sum of their momenta. The anticipated difficulty does not 
seem to arise, but I am not quite sure how (in a physical sense) it has settled 
itself. I think we have to regard its differential character in the following 
light. It represents transference of identity from one end of r l2 to the other ; 
relative to our adopted reference system of identity this is a one-way process 
like an electric current (the opposite identity being transferred in the opposite 
direction), and this kind of conduction has to be combined additively with the 
convection described by dynamical motions. However that may be, we shall 
find on examining (6) that it is expressed as a stress. The difference between 
momentum and stress, which according to the relativity theory is somewhat 
artificial, practically disappears in wave-mechanics, and it is no great matter 
for surprise that the quantity canonically conjugate to 0 turns out to be a stress. 
This, however, relieves any ambiguity as to how it is to be incorporated in the 
wave-equation since the other terms in the wave-equation also directly represent 
stresses. 

5. In my earlier paper Dirac’s four ^-functions were distinguished by suffixes, 
It is now rather more convenient to regard the suffixes as the four permissible 
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values of a fifth co-ordinate u. For two electrons we shall have two such 
co-ordinates u , u\ giving 16 combinations. The matrices E M are then inter¬ 
change-operators acting on u, and we must distinguish similar operators E/ 
acting on u\ The general interchange-operator is accordingly E M E„'. Its two 
factors are commutative, and either E M or E/ may in special cases be the 
matrix 1. 

The wave-equation for a solitary electron is ( loc. cit §11) 




(7) 


where E l? E 2 , E 3 , E 4 form a perpendicular set, and the fifth member Eg might 
be used in place of 1 as the coefficient of me if desired. The separate equations 
for two electrons (of the same spin) may therefore be written 


H H\jV = 0. 


(If they have opposite spin, the matrix I$ 6 or E & ' must be used as coefficient 
of nw in one but not in the other equation.) Multiplying by and respec- 
tively, ami adding, we find 


(H+J!') 


( 3 ) 


as the equation satisfied bv the combined probability 
When account is taken of their interaction the wave-equation for two electrons 
(of like spin) is understood to be* 


j i-1 + ir + — (lijK/ + E 2 E/ H E 3 E : ; + K 4 E 4 ') Y - 0 . 

\ a 1 .» ! 


The nature of this expression is more easily preceived if we divide through by 
ihjirZi and replace 2 to j2 //?( v by the number it stands for. Its numerical value is 
taken to he 1 /136—the only likely number sufficiently near to the experimental 
value 1/137. The equation is then 


15. (*s: 


kmmc \ ur 0 
k I * 


This shows that in addition to the momenta 3/9x M which appear when the 
electrons are treated separately, we have also to include certain components 
of the Q-momentum calculated in (6). This seems to be a strong confirmation 
of our view that in introducing the factor R (6, EJE/) in order to express the 
exclusion principle in a relativistic manner, we have introduced everything 


* I obtain (9) by following out in my own notation a treatment given by J. A. Gaunt 
in a paper which will be published in these 1 Proceedings. 1 I think that (9) is equivalent 
to his result. I use imaginary time (:r 4 ) throughout this paper. 
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necessary to describe the mutual influence of two electrons* Comparing (6) 
and (10) it appears that we must have n = 136. 

6. In counting the number of components E M E/ it is necessary to regard 

E,JV as identical with E/E ( and to avoid counting it twice over. To inter¬ 
change the transformations applied to the domains of two electrons is meaning¬ 
less since the electrons themselves have no separable identity. We might, 
however, have expected that a rotation E^E/, which from our point of view 
includes two indistinguishable transformations, would have double weight as 
compared with which represents only one. The answer is given by the 

Emstein-Bose statistics. When two entities arc indistinguishable their 
individuality disappears so completely that weights must be calculated without 
heed to it, and no extra weight is to be given to the cross-terms. In accordance 
with the Einstein-Bose principle we give equal weight to all the distinguishable 
rotations. Since there are 16 E/s and 16 E/’s, there will be 16 terms of form 
KJV and 120 of form E^E/, making 136 in all. Thus n =•-: 136, as the equation 
(10) requires. 

7. Whilst realising that the equations of wave-mechanics can only be inter¬ 
preted statistically, we may be a little surprised that it should be permissible 
to use the statistical value of a momentum within the equation itself. But 
this is not out of keeping with other features of the wave-theory, in which 
averages replace fluctuating quantities in a way which seems very mysterious. 
This is especially illustrated in the theory of atomic radiation in which the 
change of electric moment, although it is professedly only a probable average, 
acts as a source of monochromatic light. 

Some years ago one naturally expected that the value of e would depend on 
the singular solution of some differential equation expressing the transition 
from charge to field. It was always difficult to see how such a theory could 
lead to the same charge in the very different conditions corresponding to an 
electron and proton. This kind of solution has been ruled out by the modern 
theory which has virtually abolished all structure of an electron. What we 
have in its place is a factor 2nc 2 jhc which expresses a kind of property attributed 
to every pair of points in space ; it turns space from a mathematical conception 
into a possible site of physical phenomena by associating with a pair of points 
some degree of probability that they may be the scene of this interaction. 
There is no room for elaborate integrations or for differential equations in the 
theory of such a fundamental factor, and its numerical value ought to have a 
simple meaning. Again since (ijr n ) is at least formally a momentum, we 
can scarcely escape the conception of a momentum of which for some reason 
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only 1/136th part comes into our space problems. We could not, I think, 
obtain bo small a fraction without introducing 16 dimensions into our scheme 
so as to give room for a sufficient number of conceptual degrees of freedom. 
Tf this seems unduly elaborate for so elementary a phenomenon, we may point 
out that an equation involving a coefficient 1 /136 cannot be quite the elementary 
thing it seems. 

But actually the 36 dimensions have already appeared in our earlier paper 
as an essential container of Dirac’s relativity scheme. Their most striking 
appearance is in § 15 (loc. ciL) where we find that the charge-current vector 
is an arbitrary selection of \ out of i 6 components of the obviously fundamental 
quantity Thus even at that stage it was obvious that an attempt to 

elucidate the nature of electric charge and obtain its numerical value could not 
be restricted to the four components ordinarily recognised ; and we are 
prepared to find that only a small component of the activity mathematically 
represented by r ^*y will appear in equations describing the internal properties 
of the four-dimensional world. 

The 16 dimensions are merely conceptual, but the conception is a corollary 
to the introduction of matrices by Dirac. They need not describe reality, 
but they describe the mathematical scheme which is at present the accepted 
mode of solving some of the problems of reality. 

8. Four particular components of 0-momentum appear in (10). Before we 
can say whether these were to be? expected or not, we must examine the 
principles on which the wave-equation appears to have been built up., We make 
free use of classical analogies. 

The so-called equation of motion of a quantity F is (for a Hamiltonian H) 

IIF — FH — ~ F. (11) 

Z7T 


Tn relativity theory the differentiation must be supposed to refer to a proper¬ 
time ds conjugated to II. When H is the Hamiltonian for a single electron 
and F is an algebraic expression, (11) is equivalent to 


• ( K *^ + **5‘ + B »sj+“•&)*■ *• 

We see that E* — dx^Jds, as may be verified by substituting F 
Also since 

tU 




dV 


( 12 ) 
Xp in (12). 

(13) 
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(first paper, equation (41)) we see that dxjds is the symbolic* expression for 
the charge and current. Again if t x is the coefficient of E x , in H, we have 
(omitting constant factors) 

^1 ^ — E 2 (^2^1M2) 'F ^3 {tyty * M3) + E 4 {t\ti M*) 

= 2E M (curI k) m , (14) 

where k is the electromagnetic potential. Since K /x is the symbolic charge and 
current, the right-hand side by ordinary electrodynamics gives the symbolic 
ponderomotive force of the extraneous electromagnetic field, which should be 
equal to the rate of increase of momentum of the system. Hence t l is the 
symbolic momentum. 

The set of 10 quantities E ,J t , is analogous to the stress-energy tensor of 

dx ilx 

matter T M „. For a single particle T MI . = rn ", so that if we regard the 

momentum t r as the equivalent of rn dx t jds and remember that — dxtjds, 
the correspondence is evident. Also the action T ---™ r JP M „. Hence the wave 
analogue of action is which for Euclidean values of the f h becomes 

= *Vj d -1- K#<a + (15) 

This is the combination found in the wave-equation. 

We have to examine what place the 0-momenta should have in this com¬ 
bination. They may be written 

130 r ds ds ‘ v ' 

Since r is an invariant it will be seen that they are already in the form of a 
stress-energy tensor (t.e., contain two velocity-factors) and are therefore ready 
for inclusion in T unmodified. If we multiply them by (f'\ as we did the 
E M C we obtain precisely the additional terms in ( 10 ). The question of the 
sign to be attributed to them is not settled by our theory because of the 
ambiguity of the two roots of — L The i factor in these terms has no con¬ 
nection with the i in the last term of ( 10 ), and it need not denote the same root. 
This ambiguity is useful because the theory of the charge of a proton must 
evidently follow practically the same lines (though wo arc not yet prepared to 
formulate it dcfinitelyf) and it would be a serious objection if the theory forbade 
attractive forces. 

* The description “ symbolic ” is applied to a quantity interpreted by being placed 
between and 

It will be noticed that we are nowhere concerned with the masses of the electrons. 
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Charge of an Electron . 


At first sight it seems illegitimate to employ the Euclidean gp v for axes 

xj which do not belong to the same space. 1 think the answer is that the 
wave-equation describes the connection between the probability distribution 

of electron pairs in space and its gradients 3 l F/3^ ; before we can connect 
this with the corresponding problem for separate electrons we must remove 
effects arising from confusion of identity of the two electrons. To discover 
these effects we have pursued out investigations in as many degrees of freedom 
as the system admits ; but in removing them the question is, not what is their 
proper origin, but how they will have been represented in the space we are 
discussing. We have (mistakenly, if you like) represented x and x ' as the same 
direction in a single space ; we must also regard them in this way in removing 
the effects of the mistake. 

9. The following is, as well as I cun judge, the general conclusion that is 
reached. Suppose that we are given the positions of a number of particles at 
two consecutive instants. If we are also given the connection of identity of 
the particles at the two instants we can determine their motions and hence 
find the various components of stress. But if the identity is unknown or non¬ 
existent the problem of finding the stresses is indeterminate ; it makes all the 
difference how we connect the particles in the two configurations each to each. 
The observed change of distribution can therefore only be treated as a com¬ 
bination of two parts (1) an actual flow of particles which makes a genuine 
contribution to the stresses, (2) a “ flow of identity ” which makes a spurious 
contribution to the calculated stresses. Now for one electron the wave- 
equation gives a connection between the distribution and the stresses. If we 
are to have a corresponding equation for more than one electron it will be 
essential to discriminate between the genuine and the spurious stresses, and to 
insert terms in the equation removing the part of the stresses calculated from 
the ordinary formula (E M <„) which merely represents flow of identity. 

The problem is only determinate because the flow of identity is quantised ; 
that is to say, it is connected with an angular variable which must necessarily 
be single-valued. Relativity theory alone would tell us that if electrons have 
no absolute individuality, the ^-functions for one assignment of identity of two 
electrons must be some linear transformation of the ^-functions corresponding 
to the reversed assignment. The exclusion principle tells us that the trans¬ 
formation in question is a multiplication by — 1. We turn to the relativity 
theory (developed in the previous paper) to show what are the continuous 
transformations which lead to this, and we see that most of them lie outside 
our four-dimensional world. Our object is to remove that part of the flow 
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that could and would be mistaken for a flow of particles from point to point in 
space-time. Of the 136 components we easily pick out one which must 
correspond to some kind of stress in the x direction since it is covariant with 
dxdx', and therefore with dx 2 , in our four-dimensional world. This is evidently 
the spurious stress that has to be removed from E^j; it has made it appear 
that particles have been rushing to and fro changing places, whereas all that 
has been interchanged is their labels. By the same argument three other 
spurious stresses are removed; and we reach equation (10) without any 
ambiguity, except that the two i’s in the equation are not proved to be the 
same root of — 1. * 


On the Theory of the Solar Diurnal Variation of the 
Earth 3 s Magnetism . 

By S. Chapman, F.R.S., Imperial College of Science and Technology. 

(Received November 15, 1928.) 

Introduction. 

L The most likely explanation of the solar diurnal magnetic variation 
(conveniently denoted by S) has for more than a generation seemed to be that 
afforded by the “ dynamo ” theory, originally proposed by Balfour Stewart 
and further developed by Schuster and the writer.* It attributes S to overhead 
electric currents, induced by convective motion of the air across the earth's 
magnetic field. The form and intensity of the current-system can be inferred from 
the spherical harmonic analysis of S; J. Bartels,f on the basis of the writer’s 
analysis, has drawn the current-diagram reproduced in the figure (p. 383). 
It will be seen that the current-system consists of four circuits, two north and 
two south of the equator, each flowing round a centre or focus. At the equin¬ 
oxes, to which the figure refers, the system is approximately symmetrical with 
respect to the equator. The principal pair of circuits are situated in the 
sunlit hemisphere, and each circuit of this pair carried 62,000 amperes at sun¬ 
spot minimum; their foci lie approximately on the II hour meridian. The 
other pair of circuits, each carrying 32,000 amperes, are less intense but more 

* For references r/. ‘ Phil. Trans.,’ A, vol. 218, p. 1 (1910), 
f J. Battels, “ Handbuch exp. Physik,” vol. 26 (1928). 
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extep*fve, covering about 15 bouts in longitude. The equatorial current- 
intensity, per centimetre measured along the meridian, has an eastward maxi¬ 
mum of 2 . 10 ' 5 e.m.u. at about lib, and a westward maximum of 10~ 5 e.m.u. 
at about 17h. 

2. The dynamo theory can give a good account of the general form of this 
current-system, but meets serious difficulties when it attempts to explain the 
phase and intensity of the currents. This is because the convective motion 
which induces the currents, and the total conductivity of the layer in which 
they flow, are unknown. But if it is assumed that the convective motion is 
the same as at ground level, it appears that the day current-foci should be on 
the meridian I3h or 14h, distinctly later than the observed position. Further, 

the total electric conductivity (or j odh, the integral of the specific conduc¬ 
tivity o throughout the thickness of the layer) must be large, of the order 10' 6 
e.m.u. 

3. Until recently no independent check on this estimate of | adk was avail¬ 
able, but radio data now give information concerning the electron-density at 
great heights, and confirm the existence of a highly conducting layer. But it 
is still doubtful whether the total conductivity of the layer is so great as 10“ 5 ; 
P. O. Pedersen, in his recent valuable and comprehensive discussion of radio 
propagation,* concludes (toe. cit. 9 p. 149) that it is only 5.10~ 7 , or about 20 
times too small. 

4. The free charges in the upper air seem likely to consist mainly of electrons 
and singly ionised nitrogen or oxygen molecules. It is convenient to treat the 
latter as of equal mass, corresponding to a molecular weight of about 30. 
Symbols for quantities relating to electrons, positive or negative ions, or ions 
without distribution of sign, will be distinguished by the suffixes «?, +, —, i. 
Let m be the mass of a free charge, n the number per cubic centimetre, v the 
number of collisions which it undergoes per second, e its charge in electro¬ 
magnetic units. Then we take 

m e = 9*0 . 10~ 28 , m* = 5*0. 10' 23 , e =» ± 1-89 . HT 20 . 

The specific conductivity a of the gas is due to contributions a e or c* of each 
individual electron or ion, i.e., 

(1) a = njs e + 


* P. O. Pedersen, “ The Propagation of Radio Waves/* Copenhagen, 1927. 
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In the absence of a magnetic field, approximately 

(2) a, = c 2 /m e v e , cr* = 

so that the rarer the gas, and the less frequent the collisions, the greater are 
a € and a*. 

5. Pedersen made an important contribution to the theory of the con¬ 
ductivity by recognising that in a magnetic field the conductivity is different 
in different directions, its value for directions along the field being the same as 
if the field were absent, but its value (conveniently denoted by o x ) for directions 
transverse to the field being reduced in the ratio 

(3) K = v 2 /(v 2 + o 2 ), 
where 

(4) (o = ell lm, 


to being the angular velocity with which the charge spirals freely round the 
lines of magnetic force. Since v and w are different for ions and electrons, the 
corresponding ratios <yja or K are likewise different; we have 


(5) a x 


n< cr eX + n ( <j ix = n e Kjt e + = 


ft / 2 v g | ng? Vj 

m e v/ + to 2 m>i v, 2 + Wi 2 


so that as v tends to zero o x tends also to zero* instead of to infinity like a. 

This result is of importance to the theory of S because the currents illustrated 
in the figure flow transversely to the magnetic meridians over a considerable 
fraction of their path, and even when the flow is in the magnetic meridian planes 
it is partly transverse to the magnetic field, since the current-flow is nearly 
horizontal, while except in low latitudes the magnetic force has a considerable 
vertical component. Hence the total resistance round any current-line is 
determined mainly by <j x , especially when a x /<r is small. The conducting layer 
is therefore effectively limited by the value of a x , and this places a hitherto 
unsuspected limit on the upward extension of the layer : it will appear later 
that the layer must probably lie approximately between 100 and 170|km. 
height above the ground (§ 9). 

6. Regarding the earth’s magnetic field as that of a sphere uniformly 
magnetised along the axis of rotation, 

(6) <o « eH/m » (eUJm) (1 + 3 cos* 6)*, 

* Ross Gunn, * Phys. Rev.,’ vol. 32, p. 133 (1928), has also remarked the same result, 
apparently without knowledge of Pedersen’s work. 
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where H 0 denotes the equatorial magnetic intensity, and 0 denotes the north- 
polar-distance in angle. Approximately 

(7) H 0 - 0*3 gauss. 

Inserting the values of e, H 0 and m, 

( 8 ) » 5-3 . 10° (1 + 3 cos 2 0)*, co< = 95 (1 + 3 cos 2 8 )*. 

7. The value of v varies with the height h in a way which depends on the 
distribution of absolute temperature T and on the composition of the air ; 
these are not definitely known at great heights. But it is probably not far 
from the truth to take T — 220° in the stratosphere up to 60 km., and 300° 
above 80 km., with a uniform transition between these heights ; and, further, 
to assume that convection keeps the composition uniform up to 110 km.; 
and thereafter ceases. In this case the air will consist almost wholly of N 2 
and 0 2 up to 200 km., since even if helium be present at 110 km. in the 
proportion observed near the ground, it will only amount to 2 per cent, at 
200 km.; the proportion of oxygen will be 21 per cent, at 110 km., 13 per cent, 
at 160 km. and 6 per cent, at 200 km., nitrogen being the only other important 
constituent. 

The electrons and ions will be assumed to have speeds v corresponding to 
thermal equilibrium* ; hence above 80 km., where T = 300°, 

(9) % — M * 10 7 cm./sec., v i = 4-7 . 10 * cm./sec. 

The mean free path l will be supposed related to the pressure p (in dynes/cm. 2 ) 
by the equations 

(10) h = 43 fa / 4 - 6 /p. 

The above assumptions concerning the atmosphere enable p to be calculated 
at any height, and hence, using (9), ( 10 ) and 

(It) V *= v/l, 

the values of v given in Table 1 have been determined ; the table also gives 
values of K e and K*, and of 1 — K e , 1 — K <} calculated from the values of v 
and of to (of. 8 ), for the equator and the polar regions. 

The above values of v, and hence of K, differ from those given by Pedersen, 
because he assumed that T ~ 220° at all heights in the stratosphere, and that 
mixing by eonvection ceases at 12 km. The first assumption is contrary 
to three independent lines of evidence, which support a higher temperature 
* Townsend and Tizard, * Boy, Soc. Proc.,' A, vob 88, p* 847 (1018)* 
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above about 60 km., as here supposed ; they are (i) the observations of meteor 
trails as interpreted by the theory of Lindemann and Dobson,* (ii) the observa¬ 
tions of abnormal sound-propagation to great distances,! (iii) the theoretical 
calculation of upper air temperatures, taking into account the known layer of 
ozone in the stratosphere.^ The second assumption is contrary to the evidence 
of mixing afforded by the contortions usually observed in long-enduring meteor- 
trails, and notably in the one, lasting for nearly 2 hours, observed by Mr. 
J. E. Clarke§ and others, on February 22, 1909. This trail, 150 miles long, 
sloping slightly downwards from a height of 90 km. above a point 45 miles 
26° W. of 8. from Beachy Head to a height of 77 km. above a point, 87 miles 
22° E. of S. from Start Point, became distorted in such a way as to indicate 
high level winds showing the following remarkable differences of intensity and 
direction at heights of 50 to 55 miles (80 to 90 km.). 


Approximate height. 





Speed. 

Mean 



miles /hour. 

direction. 

Milca. 

| Km. 



55 

88-5 

Ill 

NE by E 

54 

53 


135 

135 

NE by N 

NW 

52 


175 

WNW 

51-5 


187 

W by N 

50 

80-5 

30 

8 

50 


170 

E 


Such long-enduring trails are rare, but less exceptional instances are avail¬ 
able which give similar evidence of intense non-uniform winds, of the order of 
100 miles per hour, at heights extending up to 130 km. These winds are 
probably due to large temperature variations set up in the atmosphere, not 
only as between day and night, but also from day to day and from place to 
place. Large temperature variations will arise from variations (such as are 
actually observed) in the amount of ozone, which has so great an influence on 
the temperature of the upper stratosphere ; and also from the considerable 
variations, up to 100 per cent., in the sun’s ultra-violet radiation, as observed 
by Pettit.|| 

* ‘ Roy, Boo. Proc./ A, vol. 102, p. 411 (1922). 
t F, J. W, Whipple, * Nature/ vol. 111, p. 187 (1923). 
t Gowan, * Roy. Soc. Proc./ A, vol, 120, p. 655 (1928). 

% § 1 Q. J. R. Met. Soc./ vol. 39, p. 115 (1913). 

|| ‘ Proc. Nat. Acad. Sci./ vol. 130, p. 380 (1927). 
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Such strong and non-uniform winds must promote mixing of the air up to 
heights exceeding 100 km., and it seems likely that they are capable of effectively 
counteracting the tendency towards diffusive separation of the atmospheric 
constituents according to their molecular weights ; this process is extremely 
slow, at least up to 100 km. It is here assumed that the mixing ceases at 
110 km. Pedersen’s assumption that it ceases at 12 km. results in a rapid 
increase in the proportion of helium above 90 km., until at 130 km. it is 90 
per cent, of the whole air. This is rendered improbable by the fact that no 
spectral lines that can be attributed to helium are observed in aurorae, although 
the excitation would seem sufficient to produce such lines were helium present. 

The low temperature assumed by Pedersen renders the upward decrease of 
pressure too rapid until heights are reached where helium is an important 
constituent, and thereafter the decrease of pressure is too slow. Hence his 
values of v at 100 km. are only one-third those given in Table I, while at 
150 km. they are 1.0 times as great. The effect of these differences on the 
values of K is easily inferred. 

8 . The number of electrons and ions at great heights is uncertain. Pedersen 
gives the following values (loc. cit., Appendix, p. 10 , fig. IX, 6 ), based partly on 
radio measurements and partly on a theory of ionisation and recombination ; 
they refer to noon in summer, at some latitude apparently not stated, which 
will here be assumed to be that of the equator. 


Table II. 


Height. 

l 60. 

1 

! 70. 

1 

80. 

i 90. 

! 

100. 

j no. 

| 120. 

130. 

n ( \ 

<i 

t 

i <> 

<i 

i 

3. 10* 1 

1 

1-6.10* 

6.10* 

7 . 10® 


! 

7 . 10“ 

0.10* 

i 

:i. io» 

r.. io« 

] 

2.10«j 

10 7 

| 8.10® 

4.10* 

Height. 

140. 

j 

150. 

i 

100. 

170. 

180. 

190. 

1 

200. 


n e 

t .. 

; r>.io® 

1 

; 4.10* 

| 

2.10 s 

1 • 3.10 5 

5.10* 

3.10* 

! 

1*2.10* 


fH 

2.10* 

7.10* 

3.10* 

1*3 . 10* 

5.10* 

3.10* 

1-2.10* 



According to this table the electron density first becomes important at about 
100 km. ; below this the electrons are supposed to attach themselves to 
oxygen or water molecules as soon as they are formed. Above 170 km. the 
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amount of such recombination is supposed negligible, owing to the low density, 
and \/n B *= n t » n + , = 0. At all heights the air is practically neutral, i.e., 

(32i » + = »_ + — »+ + — 2'« 4 — n e . 

If each of the above values of n e and is taken to apply throughout a 10 km. 
layer (10° cm.) the total numbers (N ff , N*) of each, per square centimetre 
column, are approximately 

(JS) N, = 2*6 . 10 12 , N* 2•8 . 10 J8 . 

9. On substituting the above values of n e , n i7 K*, into (2)-(4), we obtain 
the following values of n e a ei n i n i and a, both along and transverse to the 
magnetic field at the equator. The contributions of the layers below 100 km. 
are negligible in comparison with those of the higher strata, and are therefore 
not indicated. 

Table III. 


Height. | 

100, 

i 

1 

110. 

1 3*7. 10-“ 

1 1*6. 10-“ 
j 5.10 14 

120. 

j 

130. 

140. 

1 

150. 

a 

2-4.10~“ 
10-u 

3 . 10-“ 

3-7 . 10 12 
3-8 . 10-“ 
3-7 . 10 “ 

1-5.10 “ 
fi -6.10-“ 
1-5 . 10 “ 

3-2 . 10" 11 

9.10”“ 
3*2 . 10 11 

8 . 10“ u 
8.10-“ 

8.10-“ 

n ePeX 

10~ 17 

1 2 . )0~ 1T 

2 . !0~“ 

0. io- 17 

2.10- 17 

0.10~“ 

ni<n x 

10*"*® 

1 0.10' 14 

3*8 . 10-“ 

5 -3 . 10““ 

5-9.10-“ 

1-6 . 10-“ 

°x 

i 

10““ 

1-6 . 10-“ 

3*8 . 10-“ 

5*3 . 10~“ 

5*9.10““ 

1*6. 10““ 


According to this table the conductivity along the magnetic field is almost 
wholly due to the electrons, and increases upwards to at least 160 km. The 
transverse conductivity, on the other hand, is almost wholly due to the ions, 
and attains its maximum value at about 135 km., and does not extend much 
above 160 km. 

The estimate of j c x dh afforded by the table is found to be 2.10~ 8 e.m.u. 

Pedersen's estimate is 0*5.10~ e e.m.u. or one-quarter the value here found, 
the difference resulting from his different assumptions concerning the tempera¬ 
ture and composition of the stratosphere. 

The value of J a ± dh here found is of the same order as that (1(T 6 ) required 

by the dynamo theory, though rather smaller, i.e., in the ratio one-fifth. The 
difference is probably within the present limits of error of 4he data for n $ 
and n*; more accurate knowledge later may either narrow or widen the gap 
between the two estimates of the conductivity. The estimated conductivity 
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required by the dynamo theory is capable of modification by supposing that 
the convective motion in the conducting layer is different from that observed 
near the ground. 

9* R. Gunn* has recently pointed out that in the layers where v/o> is small, 
that is, where a free charge can execute many revolutions in its spiral paths 
between successive collisions, the spiral motion makes the charge equivalent 
to a small magnet opposed to the field, so that the ionised medium is dia¬ 
magnetic. The contribution of each free charge to the intensity of magnetisa¬ 
tion of the medium is the same for electrons and ions when v/o> is very small, 
being iT/H, where k is Boltzmann’s constant (1 *37.10~ lc ); when v/to is 
not small, it is easily shown that the contribution is reduced in the ratio 

• w a /(v 2 +ca*) = 1-K; 

thus the fractional contributions of a free charge to the transverse conductivity 
g ± and to the diamagnetisation are complementary. Table I shows that the 
electrons contribute almost their full quota to the diamagnetism from IK) km. 
upwards, so that the conducting layer is rendered diamagnetic by the elec¬ 
trons ; the ions only begin to contribute fully to the diamagnetism at about 
160 km., near where the conducting layer ceases (according to the values of 
n e and in Table II). 

Gunn has suggested that this diamagnetic layer of the upper atmosphere, 
of intensity 

(14) (*T/H) j {(1 - K e ) n, + (1 — K,) dh = (*T/H)N* 

is responsible for the diurnal magnetic variations, owing to the daily variation 
of the magnetic field of the layer, as n e and vary. He has partly worked 
out the resulting magnetic variations, assuming a probable variation of Ng 
with the sun’s zenith distance, and has shown that they are in fairly good quali¬ 
tative agreement with the observed 8. In another paper I have developed 
the theory further, by means of spherical harmonic analysis, and have con¬ 
firmed his general conclusion. In order to bring the theory into approximate 
agreement with observation, only one unknown magnitude has to be assumed, 
namely, the number N d defined by the above equation ; N d may be called the 
number of diamagnetically effective free charges per square centimetre column. 
According to Gunn, its maximum value, occurring at the equator at noon, 
must be 1 *5 . IQ 17 ; my own estimate, which seems likely to be more accurate, 
is 5.10 1 ®. 

* 4 Phys. Rev.,’ vol. 32, p. 133 (1928). 
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This value, which includes practically all the electrons and a fraction of the 
ions, namely, those above about 145 km., is far larger than that to be deduced 
from Pedersen’s discussion, according to which N* is about 2*6.10 12 , and 

(N*) rf , or J (1 — K*) dh , is about 10 12 , so that N* is less than 4.10 12 . The 

discrepancy between the ionisation as estimated by Pedersen, and that 
required by the diamagnetic theory of S, is far more extreme than in the 
case of the dynamo theory, the ratio (required N/estimated N) being 10* 
instead of about 10. 

10. Pedersen’s estimates of n e and n i seem likely to be more accurate for 
heights up to about 150 km. (that is, within the conducting layer) than at 
greater heights. Since his discussion was written, E. V. Appleton has found that 
in the early morning during the three hours before sunrise, when the ionisa¬ 
tion in the conducting layer has become much reduced by recombination, 400 
metre waves that are usually reflected in this layer penetrate it and pass 
upwards till they meet another reflecting ionised layer at about 250 km. 
height. This suggests that n f and rq at heights above 150 km. may be much 
greater than Pedersen supposes, though the change in his figures would need 
to be revolutionary if S is to be attributed to the diamagnetism of the upper 
atmosphere. It will be shown, however, that the ions in the diamagnetic 
region can contribute to S far more effectively in another way. and that 
must be of the order 2 . 10 14 at most. 

11. Consider the motion of a free charge in the presence of a uniform magnetic 
field of intensity H. Let the axis of z be taken along H. Suppose that a con¬ 
stant force F acts upon the charge, and take the x axis in the plane of F and 
H, and so that the ^component (X) of F is positive ; lot the third axis 0 y 
be choBen bo that the axes form a right-handed system. Then F = {X, 0, Z). 

The equations of motion of the particle are 

(IB) mi - X. + ellij, 

(16) %n'y == — ellx, 

(17) mz = Z, 
of which the integrals are 

(18) i — i 0 cos o)t -f- y {) sin c— (X/eH) sin 

(19) y = — x 0 sin oit -f y 0 cos o>t — (X/eH) (1 — cos otf), 

(20) z = z Q + (Z/m)L 

where the suffix 0 refers to the initial values. 
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The motion along the field is unaffected by II, but the mean value of x is 
zero, despite the force X; this is why a ± tends to zero with v/co. But the force 
X renders the mean transverse velocity ?/, which would otherwise be zero, 
equal to 

(21) - (X/eII). 

This mean transverse velocity will be called the drift-velocity V of the free 
charge. 

3 2. If the free charge forms part of a gas, and makes v collisions per second 
with other particles, after which its velocity takes a new direction at random, 
it is easy to show that the mean y-velocity is 

(22) (1 — K) (X/eH), 

where K is defined by (3). Thus the less the contribution (Key) made by the 
charge to cr x , the greater the mean drift-velocity which it experiences, and 
vice versa . 

33. The drift-motions of the charges give rise to a current of intensity i, 
where 

(23) i = (l/H) {(1 - K 4 ) (n + X,„ + h_X_) + (1 - K,) « e X e }. 

assuming that the positive and negative ions are of equal mass. 

14. In the ionised atmosphere the light electrons tend to rise above the 
heavier ions, but this sets up an electrostatic field which prevents all but a 
very slight separation, so that the medium remains practically neutral, in 
accordance with (12). The field is smaller, the greater the proportion of 
negative ions to electrons, because the field due to the rise of the electrons 
tends to depress the negative ions, and therefore to produce a compensating 
opposing field. 

When the conditions are steady, the equations of partial pressure for the 
three kinds of free charge are as follows, 


(24) 

li 

d-N 

— n + (m, g — Ec), 

(25) 

1! 

— w_ (m_g + Ec), 

(26) 

■S'- 

— (m,g + Ee), 


where p = knT , k being Boltzmann’s constant 1 -37 * 10~ 16 , and E denotes the 
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electric field, reckoned positive when upwards. We may write m + = w»_ — 
and ignore in (24) to (26). By (12) 


(27) 

so that 

(28) 


d(ff- + Pc) 
dh ’ 


n .. (m { <) — Ec) — «_ (Wjjf + Be) + *«Ec 



«_ w»,</ + Ee, 


or 

(29) Ee = | («,/w M ) i)hg. 

The vertically downward forces F on the free charges are therefore given by 


(30) F„ 


n { + n, 


»H(t> E.| 


n i + n e 


m ( g, 


F L .~ n * + 

n, + n. 


Wjjf. 


15. Regarding the earth’s magnetic field as that of a sphere uniformly 
magnetised along the axis of rotation, the downward vertical and northward 
horizontal components of H at north-polar-distance 0 are 


(31) 2H 0 cos 0, H 0 sin 0, 
so that 

(32) H 2 = H„ 2 (1 + 3 cos* 0). 


The z axis, as defined in § 11, is therefore northward and downward, while the 
x axis is southward and downward, and the y axis is horizontal and westward. 
The x components of the forces F on the free charges are equal to 

(33) F sin 0/(1 + 3 cos 2 0)*. 


Hence, by (23, 30, 33), the drift-current intensity is given by 


(34) i 


m t g sin 0 


H„ (l + 3 cos 2 0) 

__ wttff sin 0 

“ H 0 (1 + 3 cos 2 0) 


{(1 — K ( ) 2* 




n ( + n e 


i + nj 


Since i is essentially negative, the drift-current is everywhere eastward. 

16. The drift-velocity V of a free charge is greatest at the equator, where 
X = F and H has its minimum value. At heights where K — 1, and w, = % 
V, * V 4 = |w*sr/eH, which at the equator is 5-1 cm./sec. If K = 1 but 
n, < «i, V, lies between 0 and 5-1, while V + lies between 5-1 and 10*2, and 
V_ lies between 10-2 and 15*3 cm./sec. For given values of K, n„ fit, these 
velocities decrease from the equator to the pole in proportion to the factor 
sin 0/(1 + 8 <3°s* 0), the value of which is given for various latitudes in the 
following table. 
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Table IV. 


Latitude . 

0° 

i 10° 

20° 

30° 

40" 

50° 

00° 

70° 

80" 

e . 

90° 

80° 

70° 

60° 

50° 

40° 

30° 

20° 

10° 

ain 0/(1 -f 3 cos 3 B) 

1 

0-904 

a 

, 0-690 

I 

0-496 

0-342 

0-233 

0*163 

0-094 

0044 


17. The equatorial values of (1 — K c ) and (1 — K*) are practically unity 
from 160 km. upwards, so that from Table I, II the following table giving the 
value of n, corresponding to Pedersen’s data for n e and can be constructed. 


Table V. 


Height (km.) 

100 

no 

120 

130 

140 

150 

<1 - K.) J!eL 

4 

26 

3.10* 

10 fi 

10® 

1 5. 10® 

»* + »!• 








160 

8 . I0 a 

5.10* 

2 . 10® 

7.10 s 

4.10® 

n t -\-n e 







»'.. 

i 

164 

8.10 s 

8.10* 

3 . 10 s 

8 . I0 a 

5-5.10® 


Height (km.) 

160 

170 

180 

190 

: 

200 

< 1 —K c ) 

8.10* 

6.10 4 

2-5.10* 

1-6.10* 

0.10 3 

<1 K ) n i t ~^ n i n e ■ 
ni+n e 

2.10® 

6.10 4 

2-5.10* 

1-5.10* 

6.10® 

n' ... 

3.10® 

1*2.10® 

5.10* 

3.10* 

1*2.10 4 


The resulting value of N'^= j n dh J is 2*3 . JO 12 , of which one-quarter is due 

to the electrons; it is slightly less than the estimate of Nj (4.JO 12 —§9) 
the effective number of diamagnetic free charges. 

This value of N', by (34), shows that at the equator at noon, if Pedersen's 

values of and n* are correct, I — j idJij == 4 .30“ 7 e.m.u. This is about 

1/60 of the equatorial current-intensity associated with S, so that the free 
charges in and above the conducting layer affect the earth's field far more by 
their drift-motion than by their diamagnetism. It will be shown that if 
N' 5 sb 2.10 14 or about 100 times the number according to Pedersen, the drift- 
currents are capable of producing a diurnal magnetic variation very similar 
to S. 

18. In both the dynamo and diamagnetic theories of S, it is supposed that 
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n e and n*, or the quantities a, N a which depend on them, are greatest at noon 
at the equator (considering the equinoctial season, for simplicity) and decrease 
with increasing zenith distance of the sun. The same reasonable assumption 
applies to N', on which the total drift-current intensity 1 depends ; this may 
be indicated by writing N' as N' (0, </>), where <f> denotes local time, or longitude 
measured eastward from the midnight meridian. Hence 

Let I (0) denote the mean value of 1 (0, <f>) round a circle of colatitude 0, i.e., 

27:1 (0) = f 1(0, <f>)d f 

Let 

r (o, 4 ,) = i (0) + ai (0, 0). 

The term I (0) denotes the mean eastward total drift-current intensity round 
the circle of colatitude 0 ; this part satisfies the equation of continuity, and 
affects the daily mean value of the north and vertical components of II, but 
does not contribute to S. The term AI (0, <j>) denotes the difference between 
the local and the mean current-intensity in this latitude ; this part will not 
satisfy the equation of continuity, but will tend to produce an accumulation 
of charge at the rate —rfl (0, <£)/a sin ( )d<f >, where a denotes the earth's radius, 
or rather that of the ionised layer; the rate of accumulation of charge is 
here reckoned per square centimetre area of a vertical column. Since I 
increases towards noon, and decreases after noon, positive charge tends to 
accumulate over the post meridiem hemisphere, and negative over the ante 
meridiem hemisphere. 

Any accumulation of charge would set up potential differences opposing the 
accumulation, and tending to equalise the drift-current in each latitude. But 
owing to the long free paths of the charges in the drift-current layer, a potential 
gradient along the circles of latitude, that is, transverse to the magnetic 
meridians, will have little direct effect in opposing the accumulations ; instead 
of this it would tend to make both the positive and negative charges move 
upwards* or downwards normal to the magnetic field. But the medium is 
highly conducting along the lines of force, and electricity can flow freely in 
this direction to or from the conducting layer below ; the drift-current layer 
is, as it were, connected to the conducting layer by a sheaf of laterally insulated 
conductors lying along the lines of force. Hence no serious accumulation of 


* Upwards over the sunlit hemisphere. 
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charge can be set up, because this would produce large potential gradients 
not only in the drift-current layer, but also in the conducting layer below. 
Thus the drift-currents would produce closed electrical circuits partly tra¬ 
versing the conducting layer; charge would accumulate until the potential 
gradient just enabled the current, the amount of which is determined by the 
value of N' in the drift-current layer, to overcome the resistance of the remainder 
of the circuit. The resultant current-system would resemble that shown in 
the figure, except that the current foci would be on the noon meridian, or 
slightly later, where N' has its maximum value. 



Over the night hemisphere the drift-current AI (0, </>) is westward, as in fig. 1, 
but the whole current 1 (0, </>) is everywhere eastward. Hence I (0) must 
at least equal the maximum westward value of AI (0, <f>), so that the noon 
current I (0) + Al (0, <£) must be not less than the numerical sum of the 
maximum eastward and westward current-intensities in the day and night 
hemispheres ; this is approximately 3.10“ 5 e.m.u. (§ 1). The value of N' 
required to make 1^. = 3.10“ 5 is 2 . 10 14 , or about 1/250 times the number 
required by the diamagnetic theory. It therefore seems clear that the dia¬ 
magnetism can account for at most less than 1 per cent, of 8. 

19. The positive ions will move eastward and the negative ions and electrons 
will move westwards, with velocities lying between 5 and 15 cm./sec. It may 
be shown that these opposing drifts will scarcely affect the distribution of the 
various kinds of charge, when the processes of ionisation and recombination 
are taken into account. Consider, for example, the change of » + ; the 
equation is 

d«4. * ..- „ 9 (H+V+) 

a sin 0 9 <f> 9 


on + 

" * ~ *•* 


.«+». 


« + ,n+w. 




384 


S. Chapman. 


where (J denotes the rate of formation of ions per cubic centimetre, and the 
a's are coefficients of recombination, while the last term represents the rate of 
accumulation owing to the drift of the ions ; V + is independent of <f>. We may 
replace 3/3/ by 3/3</>, reckoning <f> in time-units (seconds); if <f> is thus reckoned 
also in the last term, where as written it is supposed reckoned in circular 
measure, we must multiply the last term by 86,400 /tt. Hence the equation 
may be written 


/ , 8-04 . 10 4 y \ 9ft,. _ 

\ 27m sin 0 " f / ?<f> 


B — a — a.* r ,n + n r 


Since V.{_ is of order 30, while a = 6*8 . 10 s , the first factor on the left differs 
from 1 by only 2 . 10~ 4 , which is negligible. Thus the drift has only a minute 
proportional influence on the distribution of the positive ions (and likewise for 
the negative ions and electrons), which will be most numerous on or near the 
noon meridian. 

20. The type of S and its current-system can be explained either by the 
dynamo theory, or by the diamagnetic theory of Ross Gunn, or by the hypothesis 
(the “ drift-current theory ”) that the drift-currents are the main cause. 

The diamagnetic and drift-current theories are more definite than the 
dynamo theory, because they depend only on the distribution of ions and 
electrons in the upper atmosphere, while the dynamo theory involves this and 
also the unknown convective motion of the upper air. The two former theories 
imply that the S-current foci should be on or slightly after the noon meridian, 
instead of 1 or J{ hour before, as the observations indicate. The dynamo 
theory is not committed to any definite prediction of the phase, so long as we 
remain ignorant of the convective motion in the upper atmosphere ; but in so 
far as the attempt has been made, first by Schuster and then, rather differently, 
by the writer, to connect these motions with those observed in the lower 
atmosphere, the result has not been entirely favourable to the dynamo theory. 
Schuster considered both the diurnal and semidiurnal atmospheric motions 
as indicated by the barometer, and found that, taking self-induction into 
account, the predicted variations were from 2 to 2f hours later than the 
observed; the writer, considering only the fundamental semidiurnal oscillation, 
found a similar phase difference between the prediction and observations. The 
discrepancy is therefore about twice as great as on the drift-current hypothesis. 

If, as I have recently suggested, the convective motion is an independent one 
associated with a large diurnal variation of temperature in the upper atmos¬ 
phere, and if the corresponding pressure variation is not complicated by 
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resonance, but has its maximum at the same time as the temperature, then the 
current foci for the circuit which is eastward at the equator should be on or 
after the 18h meridian. Thus the phase of S constitutes a real difficulty in 
all the three theories, and possibly most of all for the dynamo theory. 

It may, however, be possible to explain the phase of S by the dynamo theory, 
if it can be shown that there is an inversion or large change of phase of the 
upper-atmospheric diurnal convection. Alternatively, 8 may be mainly due 
to drift-currents, but also partly to dynamo-action, the latter being called upon 
to account for the advance of the current-foci from noon to about Uli; this 
hypothesis likewise requires a complete or partial inversion of the high-level 
diurnal convection. The second of these theories may be called the “ drift + 
dynamo ” hypothesis. Because of the definite small discrepancy of phase, 
it does not seem possible to account for S by drift-currents alone. 

21. The ultimate choice between the various proposed theories will depend 
largely on the determination of the distribution of ions and electrons in the 
upper atmosphere. The drift-current and diamagnetic theories are concerned 
mainly with the diurnal variation in this distribution ; they would be un¬ 
affected by a layer in which the electron or ion content, however great, was 
constant throughout the day and night. The dynamo theory, on the other 
hand, would be affected by an addition of conductivity uniform throughout 
the 24 hours ; however, the radio evidence suggests that in the layer, from 100 
to about 170 km., where the main conductivity exists, the free charges are 
much reduced by the recombination during the night. 

Since the number of free charges cannot be negative, the minimum values 
of N d or N' at the equator at noon required to explain 8 by the drift-current 
or diamagnetic theories are equal to the difference between the midnight and 
noon values of N ; as has been seen, they are approximately 5.10 16 and 2.10™. 
Since N d and N' must be nearly equal, by their definition, it is clear that if 
were 5.10 lfl , the drift-currents would be great enough to produce a diurnal 
magnetic variation 250 times as intense as is observed. This consideration is 
fatal to the diamagnetic theory, despite its attractive character from a qualita¬ 
tive standpoint. It seems possible to conclude that the diamagnetism of the 
outer atmosphere makes only an insignificant contribution to S. 

Further, unless we are to admit the unlikely hypothesis that S is due to two 
or more independent causes producing effects which nearly balance one another, 
it seems possible to conclude that the difference between the noon maximum 
and night minimum of N' on the equator cannot exceed 2.10 14 . 

The diamagnetic theory having been eliminated, the choice seems narrowed 
voi* axxu.— a* 2 c 
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down to the dynamo theory, or the “ drift + dynamo ” theory. The latter 
can be excluded if it can be shown that in the actual atmosphere the difference 
between the noon maximum and night minimum of N' on the equator is much 
smaller than 2 . 10 u (e.g., only one-tenth as great) ; if, however, this difference 
is shown to be about equal to 2 . 10 14 , the dj^rift theory will be substantially 
confirmed,* but the dynamo theory must probably still be called upon to 
account for the advance of phase. The dynamo theory will remain a possible 
explanation either of the major part of S, or of an appreciable fraction of 8 (in 
conjunction with the drift-currents as the major cause), unless both the con¬ 
ductivity of the layer, and the phase or intensity of the diurnal convection, 
can be proved inadequate. 

22. Besides setting an upper limit to the diurnal variation of N', the magnetic 
observations place a restriction upon its mean value, because the latter 
affects the part of the earth’s mean magnetic field which is due to external 
causes. The various spherical harmonic analyses of the field have shown that 
the external portion is only a small fraction of the whole, too small, indeed, 
to be inferred at all accurately from the magnetic data. This implies that 
the earth’s magnetic field above the ionised atmosphere is nearly the same as 
if the atmosphere were absent; in this respect the earth is very different from 
the sun, whose atmosphere almost completely imprisons the internal magnetic 
field, so that no lines of force extend beyond the drift current layer existing 
in and below the reversing layer.j 

According to L. A. Bauer’s analysis of the earth’s field, for 1922, the part of 
the field of external origin is directed northwards and upwards (in the northern 
hemisphere), the horizontal component at the equator being about 450y; 
this corresponds to a current-intensity I in the atmosphere of 5*4.10~ 4 e.m.u., 
or, if the currents are supposed to be " drift-currents,” to a mean equatorial 
value 6*6.10 u for N\ This may be taken as an upper limit of the mean 
value of N' round the equator. 

* In this ease the general discussion of the current-system given in § 18 must be supple¬ 
mented by a mathematical investigation. 

f Chapman, ‘ MJST.R.A.S,,’ vol. 89, p. 57 (1928). 
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The Vertical Force on a Cylinder Submerged in a Uniform Stream. 

By T. H. Havklock, F.R.S. 

(Received November 28, 1928.) 

J. The horizontal force on a circular cylinder immersed in a stream is 
familiar as an example of wave resistance. The following note supplies a 
similar calculation for the resultant vertical force. The problem was sug¬ 
gested in a consideration of the forces on a floating body in motion, the hori¬ 
zontal and vertical forces and the turning moment; but the case of a partially 
immersed body presents great difficulties. It seemed, however, of sufficient 
interest to compare the resultant horizontal and vertical forces for a simple 
case of complete immersion for which the calculations can be carried out. 
The horizontal force, or wave resistance, has usually been obtained indirectly 
from considerations of energy, but a different method is adopted here for both 
components of force and the turning moment. In a former paper the method 
of successive images was applied to the problem of the circular cylinder, taking 
images alternately in the surface of the cylinder and in the free surface of the 
stream. Using these results to the required stage of approximation, the com¬ 
plete force on the cylinder is now obtained as the resultant of forces between 
the sources and sinks within the cylinder and those external to it. The same 
method can be applied to any submerged body for which the image sytems are 
known, and the resultant force and couple calculated in the same manner. 

The proposition used in this method is that for a body in a fluid, the motion 
of which is due to given sources and sinks, the resultant force and couple on 
the body are the same as if the sources and their images attract in pairs accord¬ 
ing to a simple law of force, inverse distance for the two-dimensional case and 
inverse square of the distance for point sources. This fairly obvious proposition 
follows directly from a contour integration in the two-dimensional case ; and, 
in view of the application, the extension is given in § 2 when the flow is due to 
a distribution of doublets. In § 3 the horizontal and vertical force on a 
circular cylinder are obtained by this method, the former agreeing with the 
usual expression for the wave resistance. The different variation of the two 
components with velocity is of interest, and the expressions are graphed on the 
same scale. The additional vertical force due to velocity changes direction at 
a certain speed, and is clearly associated more with the surface elevation 
immediately over the centre of the cylinder. In § 4 reference is made to the 

2 c 2 



388 


T. H. Havelock. 


couple on the cylinder. This should, of course, be zero for a complete solution ; 
it is verified that the method used here gives zero moment up to the stage of 
approximation in terms of the ratio of the radius of the cylinder to the depth 
of its centre. 

2. Consider steady two-dimensional flow of a liquid of density p past a 
solid body, the motion being irrotational and there being no’field of force. The 
motion being specified in the usual manner by a function w of the complex 
variable x + % y, the resultant force (X, Y) on the solid and the moment M 
about the origin are given by 

X - T = lp ’0) V <» 

M = (2) 

where in (2) the real part is to be taken. In each case the integration is taken 
round the contour of the rigid body, or indeed round any contour enclosing 
the body but excluding any external sources and sinks. 

Now suppose the motion to be given by 

w = —£m r log(2 — z f ) — X m, log(z — z,), (3) 

where the suffix 5 refers to the given distribution in the liquid, and r to the 
image system within the surface of the body, w r and m 9 being real. 

Forming (dwjdz) 2 , we see that this quantity has simple poles at the points 
z r within the contour of integration : and we obtain at once from the theory 
of residues 

X-tY«_2npS-»2*-, (4) 

the summation extending over the external and internal sources taken in 
pairs. Hence we obtain 

X a* 2wp S m r m v (x $ — ai f )/R„ 2 , 

Y = 2ti? Sm r m, (y, ~ t/ r )/R„ 2 . (5) 

It follows that the resultant force is the same as if each pair of external and 
internal sources attracted each other with a force 27rpm r w,/R w where R,, 
is the distance between them. 

It may easily be verified in the same way from (2) that the moment M is 
accounted for by the same forces aotdng at the internal sources. It is con¬ 
venient to have a similar analysis for doublets. If M is the moment of a 
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doublet making an angle a with the axis of x $ we have with the same notation 
as before, 


W — L —-h 2a —- 

z — Z T z — z t 


<«> 


Forming ( dw/dz ) 2 we see that again the only terms which give any contribution 
to the integral (1) are the product terms in r and s, and for a typical term we 
have 


Thus we obtain 



dz _ __ iiti 


X 


iY ~ — 4tup £ 


a,} 

(*, — Sr ) 3 


(7) 

( 8 ) 


and the contribution to the total force due to M, and M„ is 


X M — — 47tpM r M, cos (o^ + a, — 30„) fR„ 3 , 

Y„ = InpMJA, sin (a, + «, — 30„) /R„ 8 , (9) 


0„ being the angle between Ox and the vector R„ drawn from the doublet 
(r) to the doublet («). Further, calculating the total moment M from (2), 
the product terms M..M, are the only terns which give any value, and the 
corresponding contour integral is 


I* Z J± o,,- gf + g, 

J <2 — 2 f ) 2 (2 — 2„) 2 “ (z, — 2 r ) 3 ‘ 

Hence we obtain 


( 10 ) 


M — — 2npi 51 M f M„c‘ 4 ** ) (z r + 2.) (z, - z (11) 
the real part to be taken. 

On reduction it is seen that this consists of the sum of the moments of the 
forces given by (9) acting at the internal doublets, together with a couple for 
each pair of internal and external doublets of amount 

sin (a, + «, - 26,,). /R„ 2 . (12) 

The contribution to the forces and moment on the body when the external 
field includes also a uniform flow can easily be obtained in the same manner. 

3. We now apply these expressions to a circular cylinder of radius a sub¬ 
merged in a uniform stream. Take Ox in the undisturbed surface of the stream, 
0 y vertically upwards; and let the stream velocity bee in the negative direction 
of 0*. Let the centre C of the circle be at the point (0, — /). Then the image 
of the stream in the cirole is a horizontal doublet at 0 of moment co*. The 
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image system of this doublet in the free surface of the stream consists of a 
komontal doublet of moment — ca 2 at C 2 the image point (0,/), together with 
a continuous line distribution of doublets along a horizontal line through Cj 
in the negative direction of Ox. At a point (— p, /) on this line the moment 
of an elementary doublet is 2 K 0 ca 2 dp, where k 0 — gjc*, and the axis of the 
doublet makes an angle K^p — |rc with the positive direction of Ox.* We may 
stop at this stage meantime. 

In the notation of the previous section the external system (s) consists of 
the uniform stream and the image system just specified ; the internal system 
(r) is the doublet ca % at the point (0, —/). 

For the wave resistance R, we have from (9) 



R — in z gpK 0 2 a*e~' 2 * ( ' f , (16) 

in agreement with other methods. 

Turning to the vertical force, if we calculate it from the expressions in (9) 
we shall obtain the hydrodynamic part depending upon the velocity. There 
is also the hydrostatic part gpm*, arising'from the term gpy in the expression 
for the pressure; and in addition there is the weight of the cylinder itself. 
We may assume the cylinder to be of the same density as the liquid, and then 
the calculation will give the total vertical force. 

Measuring Y vertically upwards, the contribution of the two finite doublets 
at C and C, is, from (9), 

— 7tpcV/2/ a . (17) 


‘Roy, Soc. Proo./ A, vol. 115, p. 271 (1927). 
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The part arising from the interaction of the line distribution of doublets and 
the doublet at C is 

<i8) 

which reduces to 

V j " 12 / 2 ) 008 ~ \f % ) K »P d v . (19) 

This integral may be evaluated by differentiating twice with respect to / the 
integral 

f* P 008 K "P ~ 2 / 8in| .N?' dp li ( c to/ ), (20) 

Jo V 2 + 4/ 2 

where li is the logarithmic integral. 

Collecting the terms from (17) and (19) we obtain finally 

Y = _ {! + 2k 0 / + 4k 0 */* - 8k,, 8 / 3 '' (21) 

This vertical force changes from upwards to downwards at a certain velocity. 
For when e is small, that is #r 0 f large, using the asymptotic expansion of the 
logarithmic integral we find that Y approximates to 7tpc 2 a 4 /2/ 3 ; on the other 
hand, when c is large, Y is approximately — 7Cpe 2 a 4 /2/ a . The value of (21) 
can be calculated readily from tables and it is of interest to compare the 
relative values of R and Y and their variation with velocity. 



The figure shows R and Y graphed on the same scale on a base of cj\f(gf). 
R is very small at low velocities and then increases rapidly to its maximum at 
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about c s=s \/(gf). On the other hand Y is relatively large at lower velocities, 
and changes sign at about c = 0-84 yW)* The wave resistance arises from 
the flow of energy in the regular waves to the rear of the cylinder, while the 
vertical force is associated more with the surface elevation near the cylinder. 
The surface elevation immediately above the centre of the cylinder is given by* 

7) - (2**//) {1 . K 0 fe-** f u (<*% (22) 

and for comparison this is shown on the figure with an arbitrary scale for the 
ordinates. Doubtless the variation in the vertical force witli the velocity 
is connected with the mean curvature of the lines of flow in the neighbourhood 
of the cylinder. It may be noted that the usual approximation for the pressure 
condition at the free surface involves neglecting the square of the slope of the 
surface ; this would not affect- the present approximation but would come into 
the next stage involving higher powers of the ratio ajf. 

4, Obviously in a complete solution the fluid pressures on the cylinder 
cannot give rise to any couple. As the method of successive images amounts 
to an expansion of the solution in ascending powers of a/f it is worth while 
verifying that the couple is zero at each stage of the approximation. With the 
images specified up to the present the couple comes from the interaction of the 
doublet at C with the line distribution to the rear of 0,. Using the result (12), 
this gives a moment 

<*» 

which, on substituting for 0, gives 

4 WnP cV f - (f - 4/«) co* KoP 

Jo ’ ( ft* + 4/ 2 )* 

This can be evaluated, and its value is not zero. But it can be seen that we 
shall get a contribution of the same order, in the radius a, from the next stage 
of successive images. The next set of images is internal to the cylinder and 
consists of a horizontal doublet of moment at the inverse point C.. 

whose co-ordinates are (0, —/-+- « z /2/), together with a continuous distribu¬ 
tion of doublets on a semi-circle described on 0C 2 as diameter. At a point 
on this semi-circle whose co-ordinates are 

- «! l _, _ f . m 

V f 4/ z J ^ f -f \p 


* ‘Roy. See. Proo.,’ A, vol. 121, p. 517 (1928). 
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the moment of an elementary doublet in 2Ktfoa*dpl{p z + 4/ 2 )» and it» axis 
makes with O* an angle 

2 tan' 1 (p/2f) — k 0 j> + 

Now at this stage the only additional terms of order a 4 for the turning moment 
arise from the interaction of the external uniform stream and the semi-circular 
distribution of doublets just described. 

It can easily be seen that the amount due to the uniform stream and an 
internal doublet of moment M, at an angle a r to O# is 

— 27rcpM r sin a f . 

Therefore the additional couple of the specified order is 

- 4**0 pcV f sia {2 TZ«a £ + . dp (25) 

Jo p + 4/* 

Un reduction (25) comes to precisely the expression (24) with a minus sign 
and therefore the couple on the cylinder is zero to the order specified. 


The Photosynthesis of Naturally Occurring Compounds. IV .—The 
Temperature Coefficient of the Photosynthesis of Carbohydrates 
from Carbonic Acid. 

By E. C. C. Baly, F.R.S., and N. R. Hood, Liverpool University. 

(Received October 4, 1928.) 

The photosynthesis of carbohydrates from carbonic acid was described a 
short time ago in three communications," 1 the method being the irradiation 
with .visible light of carbonic acid adsorbed on finely divided nickel and cobalt 
oarbonates suspended in water. It was pointed out that the carbonates must 
be free from every trace of adsorbed alkali, this result being difficult to secure 
when these salts are prepared by the method of precipitation. 

We have recently succeeded in developing a method whereby nickel carbonate 
can be prepared free from every trace of adsorbed salts. The method consists 
in the electrolysis of pure conductivity water, saturated with carbon dioxide, 
with nickel electrodes. A convenient form of apparatus may be made from a 


* ‘ Roy. Soo. Proc.,’ A, vol. 116, pp. 197, 212, 219 (1927). 



394 


E. a 0. Baly and N. R. Hood. 

rectangular glass vessel with internal dimensions of 8 x ft inches and 8 inches 
deep. The cell is provided with a wooden cover to which are attached three 
nickel plates 8x5 inches and £-inch thick. One electrode is fixed at each end 
of the cell and one in the centre, the two outside electrodes being connected 
together. Two cooling coils are also attached to the cover, one on each side 
of the central electrode, and a stream of water is maintained through them. 
The cell is filled with conductivity water to within l inch of the top of the cell 
and a stream of pure carbon dioxide is continuously passed into the water. 
The electrodes are connected with a 230-volt circuit and sufficient resistance is 
intercalated to reduce the current to from 2 *2 to 2*0 amperes. Since the area 
of each electrode immersed is 35 square inches the current density is about 

1 ampere per square decimetre. 

The nickel carbonate falls to the bottom of the cell and about 30 grams may 
be obtained each day. Whilst the compound is necessarily free from alkali, 
it contains a little black oxide, which, however, has no effect on its efficiency 
in the photosynfchetic reaction. Before use, however, the material has to be 
activated and the following procedure is adopted. After being collected the 
carbonate is dried at 100° and subsequently heated at 140° for 30 minutes.. 
It is then powdered and passed through a 100-mesh sieve. As was described 
in Part II, the activation may be effected by exposure to light and the method 
at present in use is as follows. A very thin layer of the powder is evenly 
distributed by means of the 100-mesh sieve over a sheet of plate glass with area 
of about 5 square feet. On this glass sheet rests a light wooden frame about 

2 inches deep and a second sheet of glass is laid thereon in order to protect the 
powder from contamination by dust. The layer of carbonate is irradiated on 
both sides, three 100-watt lamps being placed above and below the apparatus. 
Complete activation requires about 6 hours, but no harm is done by irradiation 
for 18 hours. The material must be used within a short time after activation. 

The nickel carbonate prepared in the above way gives remarkably constant 
yields of carbohydrates when the temperature, light intensity and relation 
between volume of water and weight .of powder are kept constant. The 
experimental accuracy now reached has enabled us to determine the yield of 
carbohydrates obtained at different temperatures, the remaining conditions 
being kept constant, and in Table I are given the amounts which were obtained 
at the specified temperatures with 50 grams of the carbonate suspended in 
1500 c.c. of water, the total area of the exposed surface of the containing 
vessels being 380 sq. cm. 
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Table I. 


Temperature. 

Yield of 
carbohydrates. 

Temperature. 

n 

grm. 


r> 

0*0101 

j 26 

11*5 

0*0281 

31 

17 

0*0412 

36 

21 

0*0512 i 

1 i 

1 41 

i 

t 


Yield of 
carbohydrate*. 


grm, 

0 0648 
0 0783 
0*0238 
0 0061 


The yields plotted against the temperature are shown by the full line in fig. 1, 
and, as can be seen, the relation is a linear one between 5° and 31°, and there is 
a very rapid decrease in yield when the temperature is increased above 31°. 



Fra. 1. 


It should be explained that the yield of carbohydrates given is the actual 
weight of photosynthesised organic matter which is soluble in absolute methyl 
alcohol. We describe these products as carbohydrates for two reasons. In 
the first place they give the four reactions described in one of the previous 
papers.* In the second place they are similar in all their properties to the 
products obtained by the action of ultra-violet light on formaldehyde in aqueous 
solution. These latter products have been very fully investigated by the method 
of oxidation by means of bromine to the acids which have been separated and 
identified. The presence of glucose and fructose has been proved completely 
and the presence has also been proved of more complex carbohydrates which 
give hexoaes on hydrolysis with cold dilute acid. The nature of these complex 
carbohydrates seems to depend on the hydrogen ion concentration during 
photosynthesis, and their investigation is not yet complete. 

The linear relation between 5° and 81° shown in fig. 1 is of considerable interest 
in view of the fact that pure photochemical reactions have no temperature 

♦ Loc. cM.y p. 215. 
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coefficient. It is also of interest because of the remarkable analogy it shows 
with the photosynthetic process in vivo . This analogy may be discussed in 
some detail. 

In the first place, the values of the temperature coefficient for 10° (Q 10 ) 
may be compared with those found by Warburg with the unicellular alga 
Chlorelia * under constant illumination. The values calculated from fig, 1 
and those given by Warburg are set forth in Table IT. 

Table 11. 

Temperature range. .j 5° to 10° 10"'to 20° 

Q,o (B. and H.) ....( 4*50 2*11 

Qjo (Warburg).j 4*3 j 2-1 

The close similarity between the temperature coefficients of the photosynthesis 
in the living alga and in the inorganic process is very striking. 

In the second place it is well known that in the vegetable kingdom there 
exists an optimum temperature for photosynthesis and that above this 
temperature the photosynthetic velocity rapidly declines. The phenomenon 
has been investigated by many botanists and reference in particular may be 
made to an admirable research by Miss Matthaei at Cambridge.! The method 

adopted was the determination of the 
maximum amounts of carbon dioxide 
assimilated at various temperatures and 
the relation between the two is shown in 
fig. % which has been redrawn from Miss 
Matthaei *s values. 

It may be seen that there is close 
similarity between the natural and 
laboratory processes, but there are 
certain differences between them which 
may be referred to. In the first place, 
the relation found by Miss Matthaei 
between temperature and carbon dioxide 
assimilated is not linear. This might 
at first sight appear to be an important divergence between the two 
processes, but it must be remembered that the determination of the carbon 

* ‘ Biochem. Z.,’ vol. 100, p. 258 (1919). 
t * Phil. Trans.,’ B, vol. 197, p, 47 (1905). 



Fio, 2. 


20° to 30° 
1*54 
1*6 
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dioxide taken up by the leaves is not as accurate a measure of the amount of 
photosynthesis as the determination of the quantity of photosynthesised 
material. Then again, the process in the living plant is a complex one, since, 
apart from any other reason, at least two photosynthetic reactions are taking 
place to give carbohydrates and nitrogenous compounds and these might 
conceivably have different temperature coefficients. Furthermore, the 
determination of the temperature by thermocouples placed in the leaf tissue is 
less easy to control than in the case of the laboratory process. In thiB con¬ 
nection it is to be noted that Warburg, in the case of the alga Cfdorella, where 
the temperature was under better control, found that the relation between 
temperature and photosynthesis was very nearly linear. This is shown by the 
values of the temperature coefficient given in Table II, and still more clearly 
by the dot and dash line in fig. 1, which expresses the Warburg relation and has 
been calculated from his temperature coefficients and our value at 5° as the 
origin. Lastly, it cannot be assumed that the orientation of the chloroplasts 
to the light remains constant at all temperatures. It is well known that this 
orientation changes when the light intensity changes, the tendency being to 
expose a smaller area to greater intensity of light. If the photosynthetie 
efficiency is increased by rise in temperature, it seems possible that this tendency 
may be decreased and, if that be so, the relation between photosynthesis 
and temperature will increasingly depart from linearity in the sense found by 
Miss Matthaei. 

It may be concluded, therefore, that Miss Matthaei’s results do not prove 
that the relation between temperature and a single photosynthetic process is 
not a linear one. 

Perhaps the most remarkable fact that has been established is that the 
photosynthetic process, both in the living leaf and in the laboratory, has an 
upper and a lower temperature limit. It is true that Miss Matthaei found in 
the living leaf that the upper temperature limit is about 5° higher and that the 
lower temperature limit is about 5° lower than in the laboratory process, but 
this may well be due to the difference between the adsorbing surfaces in the 
two cases. 

The more rapid decline in photosynthetic velocity in the living leaf when the 
temperature is raised above the upper limit is doubtless due to the same cause. 

In the living process time has a very definite influence on the maximal rate 
of photosynthesis and in consequence of this plant physiologists, following the 
lead of Blackman,* have formed the opinion that two opposing reactions take 
* * Ann. Botany,’ vol. 19, p. 282 (1905). 
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place. On this view the existence of the upper temperature limit is due to the 
superposition of a second process, e.g. t the increasingly rapid de-activation of 
the fchloroplastw with rise of temperature, on the first or true photosynthetic 
reaction. The results now recorded show, however, that both lower and 
u^per temperature limits must be due to some fundamental cause which is 
characteristic of a simple photochemical surface reaction. 

We do not propose in this communication to discuss the physical explana¬ 
tion of the facts that have been observed in the laboratory process, but it 
may be pointed out that these give undoubted support to the view expressed 
in Part III that the complete activation of the carbonic acid is achieved in two 
stages, namely, partial activation by adsorption on the surface of the catalyst 
and a second activation by the action of visible light on the adsorbed layer. 
This view was based on the following facts 

1. Carbonic acid is not acted on by white light. 

*2. Carbonic acid when adsorbed on a coloured surface does not react in the 
dark. 

3. Carbonic acid when adsorbed on a coloured surface and irradiated by 

white light reacts to give carbohydrates. 

Since a pure photochemical reaction has no temperature coefficient 
it may be concluded that— 

4. The number of partially activated molecules in the adsorbed layer which 

are able to enter into the final reaction is in linear proportion to the 
temperature between the limits of 1° and 31°. 

It is possible that the first process, or partial activation by adsorption, 
corresponds to what is known as the Blackman reaction in the living plant. 
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The Equilibrium of Heterogeneous Systems including Electrolytes . 
Part III. # The Effect of an Electric Field on the Adsorption 
of Organic Molecules y and the Interpretation of Electro- 
capillary Curves. 

By J. A. V. Butler, D.Sc., University of Edinburgh. 

(Communicated by Sir James Walker, F.R.S.—Received September 13, 1928.) 

In an exhaustive series of researches, Gouyf examined the effect of the 
addition of organic substances on the electro-capillary curve of mercury in a 
solution of an inactive salt, such as sodium sulphate. He found that, with 
rare exceptions, these substances caused a depression of the curve which was 
greatest in the neighbourhood of its maximum, falling off on each side and, in 
many cases, ultimately becoming zero. He ascribed this behaviour to the 
effect of the electric field on the adsorption of the added substance, the amount 
adsorbed being greatest when the electric field at the interface is small and 
diminishing as the field increases in either direction. 

A quantitative calculation of the effect was attempted by Frumkin.J He 
obtained the work done in adsorption on account of the electric forces at the 
interface as the sum of two terms : (1) a general term, due to the smaller 
dielectric constant and greater length of the organic molecule, than water, 
which he evaluated as £ (c — c') whore c is the capacity of the double 
layer per unit surface in the pure solvent, c' that when the surface is 
saturated with the adsorbed substance, and the potential difference 
between the interface and the interior of the solution ; (2) a term dependent 
on the dipole moment of the adsorbed molecule, given as where 

is the potential difference due to the dipoles, between uncharged mercury 
and the solution when the surface of the former is completely covered with 
adsorbed molecules. He thus obtained the total work done by the electric 

♦ Part II, ‘ Roy. Soc. Proc,,’ A, vol. 1 13, p. 594 (1927). The following corrections should 
be noted. The quotation (p. 597, line 1) describing R. K. Schofield’s work, which might 
appear to be Dr. Schofield’s own account, is from E. K. RideaFs " Surface Chemistry M 
<* Carab. Univ. Press,’ 1926). P. 697, line 4 : for wad THg*. P. 599, equation (6), 
p. 600, line 3, and p. 601, equation (12): for i\ read — (oh^Phs* + a t I\); 

p. 601, equations (12) and (13): for Th** read r'a* 1 « 

t * Ann. Chim. Phys./ vol. 20, p. 145 (1903), vol. 8, p. 291 (1906), and vol. 9, p. 75 (1900); 
4 Ann. Physique,’ vol. 6, p. 5 (1916), and vol. 7, p. 129 (1917). 
t 4 Z. Physik,* vol. 35, p. 792 (1926), 
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forces in adsorption, which he wrote <f>s, and took their effect as equivalent 
to a dilution of the solution in the ratio The effect of this apparent 

dilution on the surface tension was obtained by the use of somewhat com¬ 
plicated adsorption equations, but by their use Frumkin was able to account 
for the effect of amyl alcohol on the electrocapillary curve. 

We shall take as our starting point the following equation obtained in the 
previous paper* for the surface tension of a polarised mercury surface in contact 
with an aqueous solution : 

Y = <T 0 — |r H „ + • <M m ■ - jr.. rfM. - j r.. m, ... - (i> 

Here o 0 is the surface tension of uncharged mercury in the pure solvent; 

T„ T* are the excess amounts of mercury ions, electrons and any com¬ 
ponent X, when the interface is fixed as there defined ; M* is the chemical 
potential (or partial free energy) of the substance X in the solution, etc., and 
V the potential difference at the interface. The term &V 2 gives the effect of 
the electric field itself on the surface tension. 

The depression of the surface tension produced by the substance X is thus 

Ay =» j F, . <M X . m 

if r, is a function of the potential difference V, we may put 

r.= iW(V) (3> 

where T 0 is the amount adsorbed when V = 0, so that 

AY = |r 0 ./(V).rfM x . 

Now, if it be taken that/ (V) is a function which does not involve M*, we have 

AY=/(V)jr 0 .dM„ 

and since |r o . dM* is the depression caused by X when V = 0 (which may 
be written Ay 0 ), we have 

Ay = Ay 0 ./(V) (4> 

We therefore need to know the form of the function/(V). 


* ‘ Roy. Hoc. Proc.,’ A, vol. 113, p. 694 (1927). 
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The Effect of an Electric Field on the Adsorption of Molecules . 

We nhall take an a basis the result obtained in electrostatic theory,* that 
the work done by an element of dielectric of volume when it is moved from 
a place where the electric field is E to a place where the electric field is zero is 

w = Sv . | P . dE, (5) 

where F is the polarisation per unit volume corresponding to the field strength 
E. Now in moderate fields P is proportional to E and we may write V aE, 
so that w = Sv . £ocE*. 

Consider* now the distribution of molecules of two kinds A and B between a 
region I in a solution where the field strength is zero and a region 11 where the 
field strength is E. Let A be the solvent and B a solute present in relatively 
small concentration. When a molecule of B of volume 8% i« moved from 
region I to region II it displaces a quantity of A, occupying the same volume 
in the opposite direction. The work done* against the electric forces acting 
on the molecules, in the transfer, is thus 

w -- | (a A . xjt) . E 2 . Sen, ((>) 

where aA and ah are the appropriate values of a for the two substances. Thus 
if w°ii be the number of molecules of B in a given volume of region I (E =* 0) 
and « B that in region II (field strength, E) according to the Boltzmann dis¬ 
tribution equation we have 

//° Jt (7) 

which holds if is relatively small. 

The application of (7) to the calculation of the effect of an electric field on 
the amount of substance adsorbed at a mercury surface in contact with the 
solution presents certain difficulties. We may suppose that the solution 
contains an electrolyte, in addition to the substance B and that the potential 
difference between the mercury and the solution is kept at the value V by 
polarisation. Let the excess of B, present at the interface when V = 0 be 
F 0 . In order to find the value of V for a given value of V, we should need to 
know how the adsorbed substance is distributed in the interface and also the 
electric field at each point, Lc., the constitution of the electrical double layer. 
In the absence of this knowledge, we may assume that the whole amount 
adsorbed changed in the same proportion as that part of it which is nearest 


* livens, 11 The Theory of Electricity,” p. 82 (2nd ed., * Oamb. Univ. Press,* 1026). 
VOL* OXX1I.—A. 2 D 





402 


J. A. V. Butler. 


to tfcb mercury surface, ho that if E be the electric field at the surface of the 
m#cury, we may put 


\ 

* 

r = r 0 e-*K-%> K ‘ s v* T . 

(8) 

Thus, by (3) and (4) the depression of the surface tension is 

Ay = (Ay 0 ) e." ( “a“ ■ i;l - * V 1 ' 1 ' 


or substituting E 

= kV, we have 


where 

Ay — (Ay 0 ) e - "' 8 . 

(») 


<> •■= \ (« A - «,) • - ZrJkT. 

(9a) 


In a great majority of cases the variation of the depression of <!he surface 
tension with the potential difference is closely in accordance with an equation 
of this form. Thus, fig. 1 shows the depression of the surface tension produced 
by phenol (molar) in a solution of sodium sulphate (M/2), plotted against the 
applied potential difference.* Tf we put, provisionally V 0 at the maximum 
of this curve, we find that the equation 

Ay = (Ay 0 ) <r ;, - 3V ' 
closely represents the observed results. 



FIG^ 1 . —Adsorption Curve of Phenol (M/1). Surface tension lowering plotted againt 
applied potential difference in volts. ..... observed. --calculated. 

The Effect of Orientation at the Interface . 

According to (9) the maximum of adsorption occurs when the potential 
difference between the mercury and the solution is zero. The exact position 
* We shall call this curve the adsorption curve- of the substance. 
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of this point is unknown. The identification of the maximum of the electro- 
capillary curve with the u null-point ,f wan discredited by S. W. J. Smith and 
by Crony,* because it occurs in different solutions at different points. This 
variation is probably to be ascribed to the adsorption of ions from the solution, 
and if we could obtain an electrocapillary curve unmodified by the adsorption 
of any component from the solution, it is reasonable to suppose that its 
maximum would correspond to the true ** null-point.^ The maxima of the 
curves of “ inactive salt solutions come within ft limited range and the 
null-point is probably in this vicinity. 

Whether this is so or not, referred to the same standard electrode, the 
maxima of the adsorption curves should by (9) all occur at the same value of 
V. It is found, however, that while in nearly all cases these curves are of the 
general form of equation (9), the maximum is often displaced, sometimes 
considerably, to the right or left of the maximum of the primitive solution. 

This behaviour can be accounted for if we suppose that the adsorbed mole¬ 
cules have a polarisation, p per unit volume, in the absence of an electric field, 
arising from the orientation of their dipoles at the surface. The total polarisa¬ 
tion in a field of intensity E is then aE + p, and the work done by electric 
forces in bringing a molecule B into such a position is now 

((aE + p) . 8% . dK = (£«K* -|- j> . E)8«„ 

A similar expression applies to molecules A, so that the work of adsorption is 
M> = U(«A — «b) • K 2 + (Pa — Pr)E}8v„. 
so that, as in (8) and (9) 

p p ( — («V* -4 b\’) 

and 

Ay = Ay,,. e ~ (,,v * + ,,V) 
where a lias the same value as before and 


( 10 ) 

(11) 

( 12 ) 


b = (Va “ Pa) xShU'Y ( 12 a ) 

Writing (12) in the form 

Ay = Ay 0 . f" v + lw *‘ , ' ta 

= Ay 0 . e M/4, ‘ . e <V ) ‘ (13) 

where V' ~ V + 6/2a, we see that (12) gives a curve of the same shape as (9), 
but its maximum occurs at V m = — 6/2a and has the value Ay,„ = Ay„ . e' ,,,iu . 
We may therefore write (13) in the form 

Ay = Ay m . e ~ a (V ~ v " ) ‘ 

* Smith) ‘ Phil. Trans.,’ A, vol. 103, p. 48 (1800); Gouy, foe. cit. 

2 v 2 


(13a) 
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The significance of these equations can easily be seen if we consider a dipole 
of the solute, orientated at the interface (fig. 2). 

The effect of the polarity induced by the electric field is to attract molecules 
of both solute and solvent. Since the solvent molecules are 
attracted to a greater extent than the solute molecules, the 
latter are in effect repulsed, or “ squeezed out ” from the 
surface. Suppose that the dipole has its positive end orientated 
towards the interface. Then a negative charge on the adjacent 
surface will tend to attract the dipole, an effect opposite to that of the induced 
polarity. A positive charge will tend to repel it and will supplement the effect 
of the induced polarity. Now the effect of the electric field on the dipole is 
directly proportional to the field strength E, that of the induced polarity td 
E 2 , so that with small negative charges the “ dipole ” effect may counter¬ 
balance the “ induced ” effect and the adsorption increase as the field increases. 
The “ induced ” effect increases more rapidly than the other and ultimately 
becomes the greater. The maximum of adsorption therefore occurs at the 
point at which the effect of the attraction of the dipoles is just balanced by 
the repulsion effect of the induced polarity. 


0‘8 ! Z 1*6 Volts 

3, n-Propyl Alcohol (M/1). 

4 , Allyl Alcohol (M/1). 


0'4 

Fig. 3.— Adsorption Curves of 

1, Methyl Alcohol (M/1). 

2, Ethyl Alcohol (M/1). 
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Equation (13) is, with one or two exceptions, in fair agreement with all the 
curves obtained by Goiiy. Figs, 3 to 5 give some examples of the agreement 



Fig. 4. —Adsorption Cuves of:— 

1, Acetic Acid (M/1). 2, Propionic Acid (M/1), 3, Monoohloracetic Acid (M/1). 



1, o-Cresol. 2, Oroinol. 3, Pyrogallol. 4, Hydroqtiinone. 

of observed and calculated curves, taken from compounds of various types. 
The constants employed are listed in Table I and are discussed in a later 
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section. It is to be noted that the curves in which the depression of the surface 
tension is still appreciable at one end are of the same type as the others. They 
are merely extreme cases of the displacement of the maximum. 

Adsorption of Organic lorn. 

With the salts of the substituted ammonium derivatives we find adsorption 
curves having maxima at or near the extreme right (negative) end of the curve 
(lig, 6). Since these substances are strong electrolytes, we may consider the 
behaviour at the interface of organic ions. 



1, N(C 8 H 5 ) 4 OH (M/10). 3, N(CH 3 ) 4 OH (M/10). 

2, N{C 2 H 6 ) 4 OH . JH a 80 4 (lff/10). 4 , N(CH 3 ) 4 OH . iH s 80 4 (M/10). 


The work done in bringing up a body carrying a charge q though a potential 
difference V is qV> and this term must be added to (10) in order to obtain the 
work done in adsorption. The form of equation (11) is not thereby affected, 
but b is increased by the amount qjk T. The adsorption of a polarisable ion 
ia thus to be regarded as an extreme case of that of a dipole. 

With positive ions we get a large displacement of the maximum of adsorption 
to the right (negative) side. Thus the strong bases, tetramethylammonium 
hydroxide and tetraethylammonium hydroxide and their salts give curves 
having maxima at the extreme right (fig. 6). Weak bases such as triethylamine 
and pyridine, which are only ionised to a minute extent, themselves give 
normal curves, but their salts, which behave as strong electrolytes, show maxima 
displaced to the negative side (fig. 7). The salts of weaker bases such as 
d-isoamylamine, heptylamine give curves with maxima only slightly displaced 
to the right (1*0 1*4); presumably they are largely hydrolysed in solution. 

It is unfortunate that no curves of substances giving negative organic ions 
have been determined.’ 1 ' These may be expected to give maxima considerably 

* Gouy determined the curves of salts of a few capillary inactive acids such as oxalic 
and tartaric. These are only slightly adsorbed. 
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1, Trietbylaminc (M/10). 3, Isobutylamine (M/l). 

2, Triethyla mine Sulphate (M/10). 4. iKObutylamine Sulphate (M/1). 

5, Pyrrhol (sat.). 

displaced to the left (positive) side. It in noteworthy that the curve of 
chloracetic acid which ionises to an appreciable extent, is displaced to the left 
of the noil-substituted acids of its class. 


Asymnuiry of Positive and Negative Bra twites. 

A very general feature of the curves is that while the right-hand (negative) 
branch is very closely in accordance with the calculated values, the depression 
of the surface tension in the left-hand branch frequently decreases more rapidly 
than is required by the equations. This is illustrated in a number of cases 
by fig. 8, in which the logarithm of the depression is plotted against (V — V m ) 2 , 
V m being the potential difference at the maximum of the curve. Equation 
(13a) requires a linear relation between these two quantities, but while the 
right-hand branch is in excellent agreement with this requirement, the points 
of the left-hand branch fall below,* 

In making the calculation we have assumed that the electric field acting 
on a molecule is uniform. Actually this is not the case. The parts of an 
adsorbed molecule nearest the surface are probably in a more intense field 
than those at a greater distance. The polarisation produced in molecules by 

* The left-hand branch is sometimes also nearly linear, indicating a definite lower value 
of the constant on the positive side (ethyl alcohol, saccharose). 
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Fig. 8. —Logarithm of Surface Tension Lowering plottod against (V - V„,) 2 . 


an electric field is not uniformly distributed. Thus it is probable that in an 
alcohol, for example, the hydroxyl group is more polarisable than the hydro¬ 
carbon chain and the force on a molecule will depend on whether the hydroxyl 
group is directed towards the surface, or away from it. Since the hydroxyl 
group is also associated with a dipole, a reversal of the charge may reverse the 
direction of the molecule. In the case shown in fig. 9, the attraction on the 

molecule and the amount adsorbed would be 
greater on the negative than on!the positive side. 

Moreover the hydroxyl group is comparable in 
size with the molecules of water. In case (a) the 
active part of the molecule, the hydroxyl group, 
is at the same distance from the interface as the 
water molecules and we get normal behaviour ; in 
case (b) they are at a greater distance and the amount adsorbed is less than 
that required by the equation. 

The effect is more marked in the aliphatic than in the aromatic series and we 
find, as we should expect, that it is generally greater the longer the chain of 
carbon atoms in the compound. 
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Values of the Constants t 

(1) Values of a.—The values of a which give the best agreement with the 
curves determined by Gouy have been calculated in a large number of cases 
and are given in Tables I and II. 

The electrocapillary curves of the substances in Table 1 were obtained in 
every case by adding them to the primitive solution of Na 2 S0 4 (M/2) at the 
concentration shown. The values obtained are thus strictly comparable with 
each other. In the case of the organic bases and salts of Table II, which are 
sufficiently conducting in solution to permit a determination of their electro¬ 
capillary curves, Gouy usually measured a solution of the substance itself 
without any addition of sodium sulphate. The surface tension lowerings of 
these solutions have been calculated by comparison with a sodium sulphate 
solution of the same equivalent concentration, except in a few cases where a 
large excess of sulphuric acid is present and in which a solution of the latter 
of the same total strength is employed. On this account the values of a in 
Table II are not strictly comparable with those in Table I and must be regarded 
as provisional. 

Owing to the deviation of the left-hand branches from the theoretical 
equation, these values are obtained from the right-hand branches of the 
curves (except in the case of the organic bases which have only a left branch). 

It is necessary to see how far we can account for these values. According 
to (9a) : 

a = \ (a A — a B ) . k 2 . 8t7 B /£T = \ (a A — a B ) . k 2 . Ar B /RT (14) 

where A% is the volume of the gram-molecule of the substance and R the gas 
constant per mol. In order to evaluate k in E = kV , we have E =.* 
where q is the charge density at the mercury surface and 1), the dielectric 
constant of the medium in the interface. The value of q can be obtained if 
the capacity (t\e., charge/potential difference) of the electrical double layer at 
the interface is known. This has been variously estimated at 13-5,* 18f 
and 24J microfarads per square centimetre. We will take Gouy's value of 
18 microfarads/cm. 2 as a reasonable average, so that we have : Capacity = 18 
microfarads/cm. 2 = 18 X 9 X 10® e.s. units; and since the potential 
difference V volts s» V/300 e.s. units, we have; 

} = 18x9x 10 6 V/300 = 5*4 X 10 4 V e.s. units. 

* Kruger and Krumreich, * Z, Electrochem./ vol. 19, p. 617 (1913). 

t Gouy, ‘Ann. Physique,’ vol. 7, p. 129(1917). 

$ Stem, ‘ Z, Eleotroohem.,’ vol, 30, p 608 (1924), 
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Now since the liquid in the immediate vicinity of the mercury probably con¬ 
tains a large excess of alcohol molecules, we may put as a rough approximation 
D — 31, the dielectric constant of the alcohol so that 

E = 4n . 5-4 X 10 4 Y/31 = 2-19 X 10 4 V e.s. units 
and k = 2-19 X 10 4 . 

Now, since the polarisation produced by an electric field in unit volume of 
a given substance is related to its dielectric constant by the relation, 

P = (D - 1). E/4k ; 

we have 

*a — Pa — l)/4w, « B = Pb ” 1 )/-*7v. 

t 

Thus in the case of methyl alcohol and water, D A =. 80, 1) B 81, At? B = 40, 

and R = 1*99 X 4*182 X 10 7 ergs., so that we find a = 1*55. This is in 
reasonable agreement with the observed value, a - 2 • 07, considering the 
uncertainty of many of the quantities entering into the calculation. Thus the 
value of the capacity of the electrical double layer may be in error by 50 per 
cent.; owing to electric saturation in the intense electric fields at the inter¬ 
face, the effective dielectric constant of substances there may be lower than 
under normal conditions; and further the proper value for the “ dielectric 
constant *’ assigned to methyl alcohol molecules in aqueous solution may differ 
appreciably from that in the pure liquid. 

In going through the homologous aeries of alcohols, etc., the dielectric con¬ 
stants do not vary greatly, so that the value of a should depend chiefly on the 
molar volume, &v B in (14), and should increase by approximately 45 per cent, 
of the value for methyl alcohol or 1 *3 for each additional carbon atom. We 
find that ethyl alcohol (a = 4 * 1) is in approximate agreement with this, but 
at N-propyl alcohol, a drops to 3*3 and thereafter increases up the series of 
normal alcohols (Table III). So far as the available data goes, it appears 
that similar behaviour is exhibited in the series of aldehydes, nitriles, amides 


Table III.—Values of a of Aliphatic Alcohols. 



j Normal. 

1 ! 

j Iao. 

| Secondary. 

Tertiary. 

Methyl . 

i 

2*7 


1 


Ethyl.. 

4*1 

_ 

i 

_ 

Propyl . 

3*3 

3-5 


_ 

Butyl . 1 

Amyl .:.. 

5*0 

71 

0*4 

8*6 

6*2 

Heptyl . 

6-0 

IT i 

LI 



! 
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and acids. Moreover the isomers of a compound usually have a greater 
value of a than the normal straight-chain form. 

This behaviour is accounted for if we consider that molecules of methyl 
alcohol, comparable in size with those of water, come entirely within the range 
of the electric forces at the interface and have a value of a which agrees with 
that calculated. The molecules of its homologues having long chains come 
only partly in the region of the electric field and are attracted less than corre¬ 
sponds to their volume, and so have values of a less than the calculated. The 
isomers with branched chains are more compact and do not project so far 
from the interface as their long-chain prototypes. Hence they come more 
under the influence of the electric field and have greater values of a. 

(2) Valves of V m . -Accordmg to (18) the value of b is given by b ~~ — 2a V m . 
Since the point of zero potential difference is unknown, we cannot determine 
the absolute values of V m . The maxima of many curves (e.g. t those of the 
alcohols) occur within a small range and a small error in the position of the 
absolute zero would have a considerable effect on the values of b and probably 
obscure the real nature of their variations. We have therefore only tabulated 
in Table I and II the values of Y m on the standard employed by Gouy.* 

8ome interesting regularities are exhibited by these values. The aliphatic 
alcohols and acids and the carbohydrates, with one or two exceptions, have 
maxima between 0*8 and 0*95 volts. The curves of the aldehydes, amides, 
nitriles, ketones, etc., are displaced further to the right and have maxima 
between 0*95 and I • 1 volts. In the aromatic hydroxy-compounds the position 
of the maximum appears to depend chiefly on the number of phenolic hydroxy 
groups. Phenol and its homologues have maxima at 0 * 78 volts; the dihydroxy- 
phenols between 0-fi0 and 0*65 volts and trihydroxy-compounds at about 
0*5. Each increase in the number of hydroxyl groups causes a definite shift 
to the left. The carboxylic group has nearly the same effect as the hydroxyl 
group, but the aldehyde radicle, —COH, causes a displacement in the opposite 
direction. 

The dihydroxy-phenols present a point of some interest. In (J2 a), puSvjt, 
the permanent polarisation of a molecule B at the interface in the absence of 
an electric field, is equal to its electric moment, pn, under these conditions. 
The value of b and the position of the maximum is thus determined by pi*. 

The electric moments of di-substituted benzene derivatives in a constraint- 
less state in solution have been determined and are in accordance with a 

* Gouy’s standard electrode consisted of mercury in a solution of sodium sulphate 
(M/2), saturated with mercurous sulphate. 
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geometrical disposition of the substituent dipoles directed away from the centre 
of the benzene ring. Thus according to (1 P. Smyth i and S. 0. Morgan 1 " 
the electric moments of the dichlorobenzenes in benzene solution were : - 



di 

fx X 10*2*30 15") 0 

If the dihydroxy-compounds had at the interface moments related in the same 
way they would give widely different maxima. The fact that the latter are 
almost identical indicates that at the interface the hydroxyl groups are directed 
in the same sense in the three cases, a condition most easily brought about if 
they project at right angles to the plane of the benzene ring 


oh oh 



A knowledge of the true values of b would probably give much information as 
to the disposition of molecules at the interface. 

Adsorption of more Polarisable Substances than Water. 

So far we have been considering the behaviour of substances which are less 
polarisable and which have a lower value of a (9 a) than water. Water is a 
highly polar substance and the vast majority of organic compounds have lower 
dielectric constants, but we may consider, for completeness, the behaviour of 
a more polarisable substance for which an is greater than a A . Then the 
adsorption equation becomes 

Ay = Ay 0 c"' v ' 

where a’ is a positive quantity. The substance will be adsorbed to a greater 
extent and the surface tension lowering increase, as the electric field increases 
in either direction. 

No curves have been obtained which certainly exhibit this behaviour. 
G-lyoocol and oertain other amino-aoids, substances of a highly polar nature, 
cause a lowering of the surfaoe tension which increases towards the two 
extremities. But the lowering produoed is very small, not much greater than 

* ' J. Amer. Chem. Soe.,’ vol. 40, p. 1030 (1027). 
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the experimental error, so that they cannot definitely be claimed as examples 
of this behaviour. Hydrocyanic acid, having a known dielectric constant 
greater than that of water, appeared to be a favourable case for investigation, 
and measurements have been made of its electrocapillary curves in sodium 
sulphate solutions. But it has been found to be almost inactive, causing only 
a slight modification of the curve of the primitive solution. 

Summary. 

The variation of the amount of a substance adsorbed from solution with the 
potential difference at the interface is given by the expression : 

F « r 0 <r‘ v ’ + &v 

The variation with the potential difference of the surface tension lowering pro¬ 
duced by organic substances at a mercury-aqueous solution interface is in 
accordance with this expression in a large number of cases. The values of the 
constants a and b , which have been calculated for numerous compounds, are 
discussed and the main features of the electrocapillary curves of solutions 
containing organic substances, determined by Gouy, are interpreted. 


On the Analysis of the First Spark Spectrum of Sulphur. 

By I). K. Bhatt acharyya, M.Sc., Assistant Professor of Physics, Science 

College, Patna. 

(Communicated by M. N. Saha, F.R.B.—Reoeived October 16, 1928.) 

The spark spectrum of sulphur was measured quite thoroughly by Eder and 
Valenta* in the region X 3028*32 to X 5819*54 in the year 1904 ; they gave 
wave-lengths up to the third place of decimals. In 1907, Sir Norman Lockyerf 
showed that some of the stronger lines of S + occur in the spectrum of Rigel 
(S-Orionis, class B8), but not in the spectra of either a-Cygni (Giant Ao) or 
Sirius (Dwarf Ao). After this time, no experimental or theoretical work seems 
to have been undertaken to elucidate the structure of this spectrum. In 
1924, Millikan and BowenJ published their data on the vacuum spark spectrum 

* * Beitragc zur Photochemie und Spectralanalyse,’ p, 282, Vienna, 1904. 
t ‘ Boy. Soo. Proo.,’ vel. 80, p. 50 (1908). 
t ‘ Phy»- Rev.,’ vol. 23, p. 19 (1924). 
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of sulphur within the region X 370 • 2 to X1269-3, but the wave-lengths do not 
seem to have been very accurately given. A first glance at the published 
data showed that lines of S, S + , S ++ and possibly also of higher stages have 
been all mixed up in these data. Hence an attempt was first made to locate 
certain groups. Taking the structure diagram as given by Saha, tho possible 
transitions can be graphically located as follows :— 


The lines 


2K.8L M, M,->M 3 
8 “ 

n,-n 2 -n 3 

I 1 

0 ,- 0 , 0 3 

1 

P, IV 


3M, 


/ 2M 2 M 8 
\ 2M 2 N, 


lie in the Schumann region. An attempt to identify these lines with Millikan 
and Bowen’s data yielded no satisfactory result. The next groups of lines 
are from transitions, 


2M 2 N,\ 

2M 2 M 3 / 


2M»N,. 


The group 2M 2 N 1 «*-2M 2 N 2 will follow the arithmetic progression law, and 
hence from a knowledge of the spectra of P and 01 1 1 that of S + can easily be 
extrapolated. The spectrum of Cl + f has recently been partially analysed 
by Bowen,* but that of P is not yet elucidated. Hence the method of hori¬ 
zontal comparison, recently described by Messrs, Saha and Majumdar,| 
was next tried. A brief description of the method is given below : — 

Let us compare the spectra of elements given in the table below. 


Table I. 


B ! 0 

N | 0 i F 

1 1 

Nc 

N. 

Op 

N+ 

01- ! 


>Io i’ 



N++ 

o++ 

p++ ! 


Na++ 

Mg++ 

* .- 

A1++ 

0+++ 

F+++ 

JNo+++ j 

Na +++ 

Mg+++ 

A1+++ 

Si+++ 


* * Phys. Rev./ vol. 31, p. 35 (1928). 
f 4 Indian Journal of Physics, vol. 3, p. 07 (1928). 

VOL. CXXII.—A. 2 E 
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Elements in the same vertical column of Table I have the same electronic 
configuration. Their spectra follow the arithmetic progression law. Elements 
in the same horizontal row form a series in which the number of electrons in 



Fio. 1. 


the L a -place increases from 1 to 6 in the sixth column, and in the seventh 
oolumn there is a further electron at N x . If we consider the transition 
«- zLjMg, x varying from 0 in the first column to 6 in the seventh column, 
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the whole set of lines may be considered as forming a group. Table II 
summarises our knowledge of these groups. 


Table II.—xL a (M x <— M*) * 


Typo of spectra. 

| x ~ 0. 

X css 1. 

* =3 2, 

x =* 3. 

x^4. 

a? » 6. 

a: — 6. 

Most prominent 

line or lines of tho 
group 

i 

»P a -»Si 

*p,-*i* e 

*P,-‘». 

‘P,-*P. 

. 

8 S a - 6 P a 

*p«-*p» 

*P,~*D, 

‘P.-‘S, 

, 

'P,-'S. 

•p,-»p. 

^-•p. 

Arc 

B 

c 

N 

0 

F 

No 

Na 


10348 

10993 

11475 

12175 

13433 

12800 

133*40 

14582 

15747 

13798 

15015 

16309 

16973 

Mg -11 

First spark 

O 

N f 

0+ 

| K+ 

No* 

Na+ 

15198 

17002 

19810 

21590 

21446 

23052 

26821 

25907 

! 

26767 

29977 

33004 

27530 

32320 

34411 

35701 

Second spark 

N++ 

0++ 

F ++ 

Ne++ 


Mg" 

Al' + 

24399 

20580 

29925 

32808 


38545 



53918 


Messrs. Saha and Majumdar have shown that if the lines corresponding to 
elements in any one horizontal row are plotted on a graph paper, then the 
principal groups lie on a straight line. Fig. 1 reproduced from their paper 
illustrates this point clearly. In the case before us, we have to consider the 
spectra of the following groups :— 


Table III. 


A1 

Si 

p 

S 

Cl 

A 

K 

Si* 

P+ 

s+ 

Cl + 

A+ 

K+ 

Ca+ 

p++ 

S++ 

Cl ++ 

A++ 

K++ 

C++ 

So ++ 


C1+++ 

A ++ + 

K +++ 


8c*-++ 

Ti+++ 


* References to the sources from which these data have been taken will be found in the 
paper of Saha and Majumdar, loc. ciU 


2 E 2 
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Table IV.—xM* (N, N 2 ). 


Typo of spectra. 

| x ^ 0. 

j X as 1, 

1 

x — 2. 

*P t ~*P, 

'P.-*S, 

x 3. 

x — 4. 

x 6. 

x - 6. 

Most. prominent 

line or lines of the 
f&o up 

^-'P, 

*P «-*», 

»P s -*S, 

•S. -‘P. 

‘p s -«p~, 

‘p,-*». 

*P.-‘S, 

»P,-»D, 

•P.-'P. 

•S.-’P, 

Arc 

A1 

Si 

V 

S 

Cl 

A 

L 

7617 

(8902) 

(9650) 

(10910) 

11044 


10361 

12318 

13380 

13043 

Kimt spark 


i . 

P< 

8+ 

C1+ 

A + 

K> 

Oa+ 

i 

' 1575! j 

j 

16453 

18877 

18425 

1S330 

19304 

20762 

20784 

26962*6 

20701 

23881 

24917 

26414 

Second spark 

P+-+ i H++ 

t 

G1++ 

A++ 

K++ 

CaM 

So +1 

i 

23678 | 

| 

27238 

30030 

31845 



28268 

34476 

36811 

37039 


Fig. 2 represents clearly the application of the irregular doublet law, as well as 
that of the method of horizontal comparison applied to elements in Table III. 

In this case, also, it is seen that both laws are very well obeyed. We can 
easily locate the lines xM 2 (Ni N 2 ) and xM 2 (N 2 N 3 ) with the aid of these 

two methods. But a very important group of lines belonging to the elements 
given in Table 111. viz., those arising from the transition acM a (N a <- M 3 ) remains 
outside the range of application of both the laws. These transitions are 
not, as far as is known, amenable to any laws. A glance at fig. 2 shows 
that the principal groups of visible lines of S' 1 ', due to the transition 
2M 2 (N X «- N 2 ), can be approximately located, thus :— 

4 P - 4 D at 18,000 
4 P - 4 P at 20,000 
4 P — 4 S at * 21,000. 

A careful perusal of Eder and Valenta’s table of lines shows that there are 
strong groups of lines in these regions. Further clue was afforded from 
Keeler's* identification that the S + -lines X 5504 and X 5032 alone occur in the 
spectrum of Rigel. These two lines are described by him as being very weak 
in the spectrogram of Rigel. These two lines must therefore be identified 


* Lockyer, be, tit, , p, 53. 
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with the strongest lines 4 P 3 — 4 D 4 , and 4 P 3 — 4 P 3 respectively. With this 
clue for guidance the following multiplets were then easily obtained. 


Table V. 


\ 

\4M,N, 

4M,n\ 

-.\ 

c 4 Dj 

e«D 9 

c*D, 

* <1> 4 


«*P. 

c 4 P 3 



(8) 

18263-8 

(») 

18414-8 



(2) 

20226-4 

(«) 

20296 - 9 N 


(3) 

21467-4 

t‘P a 

(4) 

17993-1 

(10) 

18144-4 

(10) 

18401-0 


(0) 

19966-6 N 

(6) 

20026-9 N 

(6) 

20301-9 N 

(4) 

21196-8 N 

**P. 


(2u) 

17707-0 

(8) 

17964-1 

(10) 

18330*1 K 
(A 5454) 


(4) 

19688-8 

(8) 

19864-7 K 
(A 6032) 

1 < 4 > 

| 20762-7 N 

i 


bmea marked K were identified by Keeler in Rigel. 

marked N were identified by Sir Norraan Lockyer in Bigel. 
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With the aid of the differences obtained in the group of terms arising from the 
4M 2 N 2 combination, an attempt was next made to locate the lines 4M 2 (N 2 -*-N s ) 
and 4M 2 (M 3 +-Nj). Here also Lockyer’s observations again proved to be 
very useful. Lockyer had ascribed a strong group of stellar lines in the violet 
and blue region to S + . They can arise only from one of the above transitions 
4M 2 (M 3 +~ N 2 ) or 4M 2 (N 2 N 3 ). These lines are reproduced from Lockyer’s 

paper in Table VI. 

Table VI. 


Edar and Valenta. 

Rigel (Kensington), 

Vacuum tube. 

A. 

Int. max. 10. j 

A. 

Int. max. 10. 

, 

4142*39 

1 8 

4142*8 

2 

4145*27 

7 

4145*5 

1 

4163*27 

9 

4153*7 

1—2 

4162*86 

10 

4103*0 

2—3 

4174*47 

; 7 

?4174*0 

? 2 

4253*77 

10 \ 



4286*13 

8 / 



4294*50 

8 

4294*3 

1 

4404*62 

5 

4404*5 

1 

4525*10 

0 

4525*3 

1—2 

4552*50 

5 

4552*8 

2 

4716*38 

4 

4716*9 

1—2 

4814*07 

4 

4816*7 

3 

4017*41 

4 

4917*6 

1 

4924*27 

5 

4924*1 

4 

4926*49 

6 

4925*7 

1 

4992*15 

6 

4992*6 

1 

6009*76 

0 

5010*0 

1—2 

6014*25 

8 

5014*4 

1 

6027*41 

4 

6027*8 

1—2 

6032*60 

8 

5032*9 

3 


It appears that Lockyer’s lines X 4253*63 and X 4285*03 must be ascribed 
to 8 ++ , as they occur only in hotter stars. The other lines are due to the 
transitions 4M S (N 2 N s ) as the following table shows. 
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Table VII. 


V ''\4M,N, 

\ 

4M,N,\ 

\ 

c 4 D X 

c 4 I> 2 

c*I) s 

c 4 D 4 

c*i\ 

«*P, 

C«P, 

c*S, 

rf‘ F, 

(8«r) 

24133*9 N 

(4) 

23982*4 

? 


y 

T 

? 


rf*F a 


(10) 

24117-1 N 

(5) 

23860-2 

u 

• 


? 

(5) 

21959-4 N 


i 


(lOwr) 
24070-6 N 

(4) 

23704-0 



? ! 

W r. 




(10ur) 
24015-2 N 





rf* D x 

(2«) 

26320-5 

(3v) 

25170*6 



(3) 

23365-2 

(i) 

23294-8 


? 

d*I>, 

(1) 

25374-2 

(3 m) 

25224-5 

(i) 

24967-7 


(4) 

23413-0 

(3) 

23343-0 

(i) 

23067-2 

y 



(lM) 

25303-7 

(4) 

25048-4 

(2) 

24082-4 


(4) 

23423-8 

(3) 

23147-8 

? 

rf 4 D* 



(3m) 

25177-8 

(«) 

24813-1 



(8m) 

23278-7 


**e i 

(2m) 

26017-4 

(1) 

25867-5 



y 

(3) 

22984-4 


? 

<j‘p, 

(10) 

26044-9* 

(3m) 

25893-8 

(2ur) 

25637-1 


y 

(5) 

22957-0 

? 

(2) 

22892-4 

*i J , 


(8) 

26048-7* 

(2m) 

25790-2 

(3) 

25424-5 


T 

1 

(1) 

22905-0 

4M s O x 










(2ur) 

22432-4 

(2) 

22281-1 

. 

i 


V 

- 

? 


? 


? 

(3) 

22054-0 

(4) 

22297-0 


(i) 

20741-8 

y 



e‘P, 


? 

(2) 

22762-2 

(5uf) 

22396-4 


? 

(2) 

20860-9 

(1) 

19966-9 


Line* marked K were identified by Sir Norman Lookyer in RigeL, 

* Line* 26044-9, 20048-7 ere S++ line*. Most probably S + lines et these plaoe* ere masked by them. 
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Table VIII contains a list of all lines classified. 


Table VIII. 


A. 

i 

Int. 

V. 

, 


5046-02 

1 

2 u 

17707*0 

5 4 P S - c 4 D, 

5566*10 

8 

17964*1 

5 4 P a - c 4 D a 

5556-14 

4 

179931 

6 4 P a - c 

5500*80 

10 

18144-4 

6 *P t - c 4 D t 

5473*79 

8 

18263-8 

6 4 P I ™ c 4 D X 

5454*00 

10 

18330-1 

6 4 P a ~c*D 4 

5432*99 

10 

18401*0 

6<P a - c*I> s 

5428*91 

! 9 

18414*8 

6*P, -c«D s 

5103*53 

4 

19588*8 

6<P 3 - c 4 P a 

5032*66 

8 

19864*7 

6 4 P 8 - c 4 P» 

5009*76 

! 6 

19955-5 

6 4 P* - c «P t 

5007*01 

1 

19966*4 

c% - e 4 P a 

4992*15 

5 

20025*9 

6 4 P a - c*P , 

4942*65 

2 

20226*4 

b*P x c 4 I\ 

4923*49 

6 

20296-9 

6^ - c 4 P a 

4924*27 

5 

20301*9 

6*P, - c*P # 

4819*83 

1 

20741*8 

c ~ e 4 P a 

4815*00 

4 

20762*7 

6^ - <j 4 S a 

4792*33 

2 

20860*9 

c 4 P a - e 4 P a 

4716-38 

4 

21190*8 

b 4 P a - c 4 S a 

4656*92 

3 

21467*4 

6 4 P t - c$ % 

4552*59 

5 

21959*4 

c 4 P a - tf 4 F a 

4486*86 

2 

22281*1 

c 4 D g - e 4 P a 

4483*65 

4 

22297*0 

c 4 D a - e 4 P a 

4463*76 

5ur 

22396*4 

c 4 D 4 - e 4 P a 

4456*58 

2 ur 

22432 4 

- e 4 P t 

4432*56 

3 

22554*0 

0*1), - e 4 P g 

4392*01 

2 

! 22762*2 

c 4 D a - e 4 P a 

4333*95 

1 

23067*2 

c 4 P s - d* B g 

4318*85 

3 

23147*8 

c 4 P a - <* 4 X) a 

4294*56 

8 u 

23278*7 

c 4 P a - rf 4 I> 4 

4291*61 

1 

23294*8 

c 4 P a - rf 4 D a 

4282*74 

3 

23343*0 

c 4 p. - d* i>; 

4278*67 

3 

23365*2 

c 4 P a - rf 4 £> 4 

4209*94 

4 

23413*0 

c*P x - d 4 I) a 

4207*96 

4 

23423*8 

e 4 P a -<l 4 D a 

4217*40 

4 

23704*6 

o 4 D 4 - d 4 F 4 

4189*90 

5 

23800*2 

c 4 D a - <i 4 F a 

4168*55 

4 

23982*4 

c 4 D a - d 4 F t 

4162*86 

lOw* 

24015*2 

c 4 B 4 - d*F f 

4153*27 

lOur 

24070*0 

c 4 D a - d*F< 

4145*27 

10 

24117*1 

c 4 D a - d 4 F a 

4142*39 

8 ur 

24133*9 

o 4 Dj - d*F t 

4050*33 

2 

24682*4 

c 4 B 4 - <* 4 D a 

4028*99 

6 

24813*1 

c 4 D 4 - 

4004*04 

1 

24907*7 

c 4 D ( — d 4 f> a 
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Table VIII —(continued). 


X, 

Int, 

V. 


3991-14 

4 

25048*4 

cu> 3 - d* 

3970*82 

3 u 

25176*0 

cM> a - d*D t 

3970*64 

3 u 

25177*8 

e *D„ - d ‘D, 

3963*28 

3u 

25224*5 

c a D a - d 

3900-87 

1 u 

25303*7 

c*i j «i>, 

3947*33 

2 u 

25326*5 

c - d fbj 

3939*90 

1 

25374*2 

c *D* - d 4 D, 

3932*10 

3 

25424*5 

c *D 4 - d *P. 

3899*60 

2 nr 

25637*1 

c*D a - d* P # 

3876*36 

2u 

25790*2 

c 4 D S - d 4 P, 

3864*77 

1 

25867*5 

c 4 D a - d*P x 

3860*83 

3«- 

25893*8 

c*I> t - d*P a 

3842*50 

2 u 

26017*4 

1 

e - d *Pj 


An attempt was next made to identify the doublet spectrum of S H . Owing 
to the intrinsic difficulty of the problem, the attempt was first directed to 
the discovery of the intercombination lines 

*P 12 (of 4 M a N 1 )- 4 D 1284 (of 4 M a N 2 ) 
and 4 P 123 (of 4 M 2 N 2 ) 

*D 2:1 (of WJiJ - *D 12 34 (of 4 M 2 N 2 ) 
and 4 P 12 3 (of 4 M 2 N 2 ). 

These lines should lie in the red and infra-red. As Eder and Valenta’s data 
did not extend beyond X 5819 *54 on the red side, a series of experiments were 
undertaken for measuring the lines in this region. Great difficulty was experi¬ 
enced in the design of a sparking tube, and after a good deal of trial with tubes 
containing compounds of sulphur (SH a , S0 2 , , etc.), a pure sulphur tube of 

Wood type* was designed. This tube being made of Pyrex glass could stand 
higher electric pressures and condensed discharges for any length of time. 
An induction coil of 12 inch spark provided with a mercury interrupter was 
run by a main supply of 110 volts D.C. A variable condenser made of thick 
glass (each plate being 35 cm. X 23 cm. X 4 mm.) plates and zino sheets (each 
being 20 cm. X 14 cm.) immersed in kerosene oil and a variable spark-gap 
were used for the condensed discharge. The spark gap and the condenser 
plates were so altered that the banded structure of the spectrum disappeared 
and lines appeared in the field of view of the direct vision spectroscope. 

* Wood and Kimura, * Astrophysioal Journal,’ vol. 46 , p. 181. 
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The final glow of the discharge was greenish-white* The spectrum was 
produced by a 2-inch concave grating of 5 feet radius, having a dispersion 



of U*3A. per millimetre. Photographs wore taken on red-sensitive plates, 
using a malachite-green filter. Lines thus obtained are given in Table VIII. 
The wave-lengths are given correct to the first decimal place. Attempts are 
being made to extend the measurements above X 7715*3 and below X 3028*3. 


Table IX. 


Avne, 

Int. 

max. 10. 

vvao. 


Av»U\ 

Int. 

max. 10. 

I'VJIO. 

6711-8 

6 

17602-8 


6347-1 

2u 

15750-9 

6712-3 

4 

17501-4 


6367-7 

6tt 

15724-6 

6732-2 

0 

17440-6 


6359-4 

0 

16711-0 

6748-3 

2 

17391*6 


6378*6 

8 

16673-1 

6768*6 

1 

17360-8 


6381-4 

i 

15665*7 

6028*6 

1 

16862-7 A T 


6393-6 

1 

15636-3 

6920-6 

3 

10800-0 


6397-7 

0 

15625*8 

6931-9 

2 

16863-2 


6444-7 

0 

16612-3 

6933*3 

2 

16849-6 


6453*6 

2 

15490*9 

6941*9 

3 

16824*9 


6466*5 

3 

15460*1 

6944-2 

1 

16818*6 


6481*7 

10 

15423*8 

6168*0 

3 M 

16208-2 


6481*9 

6 

15423*1 

6173*8 

Hu 

16193*0 S ? 


6493-0 

0 

15395*8 

6244-2 

3 u 

16010*4 


6560-9 

Hu 

15237*6 

6246*2 

0 

16007*9 


6575-4 

1 

15204*2 

6254 7 

0 

15983-5 


6577-9 

4 

15198*3 

6283*9 

6 

15909*3 


6578*9 

3 

15195*9 

6313*3 

0 

15835-2 


6582*8 

3 

15187*0 

6327*9 

0 

15798*7 


6610*4 

5 

15123*2 N ? 

6340-5 

1 

15767-3 


6630-5 

4m 

16077*7 

6341*2 

6u 

15765-5 


6640*7 

0 

15054-6 
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Table IX—(continued). 



Int. 



A vac. 

Int. 


A vat;. 

max. 10. 

Pvur. 


max. 10. 


06-43 • 5 

0 

15048*2 


7165*5 

3 

13952-0 

6647*4 

1 

15039-3 


7175*1 

3 

13933-4 

6654*7 

1 

15022*8 


7176*8 

3« 

13931-0 

0059-0 

0 

15013*1 


7187*1 

2m 

13910*0 

0670-8 

0 

14986-6 


7204*2 

2 

13877*0 

6730*7 

0 

14853*2 


7216*0 

1 

13854*0 

6735*4 

0 

14842*8 


7219*4 

2 u 

13847*8 

6741*9 

0 

14828*6 


7255*7 

2 

13777*9 

6758*5 

1 

14792*1 8 ? 


7383*7 

0 

13639*0 A ? 

6874*7 

10 

! 14542*0 


7388*1 

0 

13531*7 

6941*9 

1 

j 14401*2 


7394*1 

2 

13620*7 

6983*4 

2 

143J5-7 


7400*6 

1 

13508*5 

7021*9 

0 

14237*4 


7428*4 

3 

13458*1 

7027*9 

0 

14225*3 


7470*5 

5 

13382*3 

7068*4 

6 

14143*5 


7480*0 

4m 

13365*3 

7080*0 

2 

14120*4 


7618*9 

1m 

13121*8 

7088*0 ! 

2 

14104*5 


7634*3 

3m 

13096*2 

7142*6 

10 

13996*8 


7641*5 

0m 

13082*9 

7152*3 

3 

13977*1 


7606*2 

0 

13040*7 

7153*6 

2 

13976*2 


7713*7 

0 

12960*4 

7164*2 

0 

_1 

13954*0 


7715*3 

0 

1 12957*7 


Impurity lines of 0, N, C have been looked for. Some lines of N' 1 and 
0+ appeared when the tube leaked a little, but, with proper precautions, these 
could be suppressed. A study of the sulphur spectrum in this region was 
previously made by Bungartz.* Excepting two lines X 6173*8, X 6983*4, 
all the above lines are different. Bungartz apparently used a lower excitation 
and did not get lines of S 1 . From this list, a number of intercombinations 
have been discovered, but as they are not quite definite, they are not given 
here. 

In the course of the experiments, an interesting band spectrum of 
sulphur in the near infra-red extending from X 7574 to X 7057 was discovered. 
The bands have a close resemblance to the A, B, a, a', a" bands of oxygen, 
and will form the subject of another paper. 

[Added November 26, 1928.—After the paper was sent to the press a paper 
appeared by Ingram on the classification of the lines of S + . It is gratifying 
to note that Ingram's analysis is practically identical with that of mine so far 
as the quartet terms are concerned. But Ingram has gone further and has 
identified the fundamental lines 3M a 2M a Nj with Dr. Bowen's vacuum 
spectrograph data. In addition, he has further identified the 4 D — 4 F 
* Bungartz, ‘Ann. der Physik/ vol. 76, p. 720 (1925). 
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lines of the transition 2M 2 (M 3 N 2 ) and doublet lines of 2M a (N^ N a ). The 
doublet group 2 P — a P (20500) was also identified by me by marking its position 
on graph No. 2 from analogy of the position of the corresponding 0* h group in 
graph No. 1. It appears that a number of intercombination lines, in addition 
to some more quartet-quartet and doublet^doublet combination lines of the 
transition 2M 2 (M 3 +- N a ). can be traced in my deep-red data. They are given 
below 


J 3778 

.... c 4 D 4 

-c 4 D 3 

13954 

.... c' 4 F a 

— c 4 I) a 

13848 

.... c! 4 D 3 

- c 4 J) 2 

15054 

.... P 2 

— c 4 D 4 

13954 

.... c' 4 I) 2 

— e 4 Dj 

15204 

.... 6 2 P a 

~c 4 I) a 

14104 

.... c' 4 D 2 

- c 4 D a 

15460 

.... £> 2 P a 

— c 4 D a 

14104 

.... c' 4 D 3 

— c 4 D S 

15724 

.... ft 2 P x 

— c 4 D a 

14143 

.... c' 4 D 4 

- c 4 D 4 

16381 

.... c' 2 F a 

-c 2 D 3 

15835 

.... c! 2 P 3 

— o 2 D 2 




15909 

.... c' 2 F 4 

* c 2 D a * 





If this identification be correct the value of the doublet terms of Ingram will 
have to be raised by about 1000 units. The fundamental terms of the spectrum 
of B ++ are 8 P, l S 0 . The terms of S* may be said to be produced by the 
coupling of an electron to S' 1 1 , and maybe further subdivided into three groups 
—one proceeding from 3 P, the second group proceeding from 1 I) 3 , the third 
from '8 0 . Thus 

(g n 3 P)Xj gives us a Rydberg sequence of 4 P and 2 P-terms, the values of 
which are 

N r O, P* Qx 

4 P X .... 75000 37000 

(S ++ 1 T> 2 )X 1 gives us a Rydberg sequence of 2 D-terms of which 

Nx ‘ O, 

2 D a . G6000 (22000) 

Sequences in *D have not been traced by Ingram. It is known from the work 
of Paschen on neon and of Russell and Saunders on the anomalous terms of 
Ca (spectra of two valence elements) that terms arising from metastable states 
form a Rydberg sequence of a displaced type, i.e. f when a certain number x is 
added to them, x representing the difference in value between the normal 

* This line being 6 units off, measurements in this region are being repeated with 
a 10-foot grating mounted on the Pasohen-Runge plan. 
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term and the raetastable term of the higher ionised element. It is interesting 
to see if similar terms can be traced in the spectrum of S : . Thus 2 D 2 terms 
corresponding to the position of the valence electron in X x will form a Rydberg 
sequence of a displaced type. Hence 2 D 2 of the (\ state will have an approxi¬ 
mate value of 22000 because the corresponding 4 P X has a value of 37000 and 
we assume S P — 1 D a of to be about 15000. I tried to trace these terms and 
the following combinations wore obtained : 



2 F S 89 

2 F 4 431 

41 

2 D :1 2780 2 F, 135 *’P 2 


(1) 


(3 ur) 


2 D 2 

25998-2 


25478-4 

( ) ( ) ( ) 

38 

(2) 

(‘Aur) 

(!«>•) 

(»«*•) W 


26038-6 

25944-5 

25514-0 

25554-2 22(113-5 


Further multi plots will be situated in the region X 2500 A. which has not yet 
been investigated.] 

Thanks are due to Prof. Saha, of the Allahabad University, for guidance in 
this piece of work. The work was carried out at the Allahabad Physical 
Laboratory. 
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The Probability of Excitation by Electron-Impact in Neon . 

By R. d’E. Atkinson, M.A., D.Fhil., Charlottenburg. 

(Communicated by F. A. Lindcmann. F.R.S.—Received October 16, 1928.) 

The importance of “ transition-probabilities ” in modem physics is steadily 
increasing, and our knowledge of them has of late also made considerable pro¬ 
gress ; the values of several of them have now even been calculated directly 
by the wave-mechanics.* The probability of excitation of a quantum-jump 
by electron-impact is, however, a noticeably backward branch of the subject: 
not only is it as yet almost untouched by theory; the experimental deter¬ 
minations are also somewhat scanty, more especially in the case of the inert 
gases. 

It is therefore of interest that some recent data of Townsend and McCallumf 
allow an estimate to be made in the case of neon. It is not indeed possible to 
obtain from them the probability of any definite excitation, but a sort of 
“ average of the sum of all probabilities ” can be evaluated with fair certainty. 
The problem has not been attempted by the authors, and appears in fact 
difficult to treat by methods hithertQ published ; the line here developed seems 
to be new. 

The experimental method is identical in principle with that used in much 
previous work in the same laboratory, and the present discussion could be 
equally well applied to measurements on several other gases. The equations 
will therefore be put in a general form. There is, however, one ^distinction 
which prevents the analysis from being applicable in fact to any of the work 
which had previously appeared. The most prominent result of the latest paper 
is to justify a criticism levelled! against all the earlier work, namely, that the 
results were vitiated by the effects of impurities ; the attainment of spectro¬ 
scopic purity is now directly shown to be essential. Even in the latest work the 
precautions were not the usual ones, and the gas did not remain clean over¬ 
night ; none the less it seems on the whole probable that they were just 
sufficient for the purpose, and this will be assumed here. 

* Sobrddinger, ‘Ann. Pliysik,’ vol. 80, p. 489 (1926); Sugiura, * J. Physique,' vol. 3, 
p. 113 (192|j[; Trumpy, ‘ Z. Phyaik,’ vol. 60, p. 228 (1928). 

t ‘ Phil, Mag.,' vol. 6, p. 696 (1928). (Quoted below as loc. eft.) 

X Atkinson, ' Roy. Soc. Proc.,' vol. 119, p. 336 (1928) (Quoted below as loc . eft.) 
Cf. also the statements of Townsend, foe. eft., p. 699, and, apparently, * Phil. Mag.,’ vol. 
46, p. 1071 (1923). 
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The essential details of the method may be briefly summarised as follows. 
A small initial current i 0 is set free photoelectrically from one of a pair of 
parallel plates. The electrons are accelerated towards the other one by a field 
(X) at such a pressure ( p ) that fresh electrons are produced in the gas, and the 
resulting total current i depends on the distance between the plates, x . If X 
and f are kept constant as x varies, it is found that i = in so far as the 
influence of positive-ion collisions can be neglected. It is also found that 

a IP =/(X/,»). 

If we assume then that the increase of current is not due to impurities, but 
to genuine single-process ionisation of the neon atoms themselves, it follows 
that electrons, accelerated in neon at such pressures that they make a con¬ 
siderable number of collisions between 16*6 and 21*5 volts, nevertheless do 
sometimes reach velocities corresponding to the upper figure without suffering 
an inelastic collision. Thus the absolute probabilities of the inelastic collisions 
must be appreciably less than unity. This qualitative result is, of course, not 
new,* and there is no justification for assuming, as Prof Townsend and Dr. 
McCallum appear to do,f that it is not in agreement with the quantum theory. J 
The work which had established it, however, did not lend itself readily to 
quantitative treatment. 

The above exponential equation does not hold at small values of x> and the 
explanation given is that the electron-stream must first become thoroughly 
complicated, so as to smoothe out all possible steps in the current-curve. As 
to the form of the velocity-distribution when the desired steady state is actually 
reached, thg only definite suggestion by the authors of the experiments has been 
that it might approach a Maxwellian one. This has, however, not been 
insisted on; we shall find here that it is in general not very near the truth. 

The question of the actual form of the distribution-function appears in fact 
to be much the most convenient point at which to attack the whole problem, for 
the following reason. If there were no losses of energy except at ionisation, 
and if ionisation always occurred as soon as the necessary energy was reached, 
the curve would take the form i — — i o e°* 603Xir/I (where I is the ionisa¬ 

tion-potential) ; the experimental values of a are much smaller than 0*693X/I, 

* Holat and Oosfcerhuis, ‘Physiea,’ vol. 1, p. 78 (1921). 

t Loc . cit., p. 699. Cf . also 1 Phil. Mag., 1 vol. 47, p. 738 (1924). 

t The Quantum Theory position may be found, for example, in Franck |pd Jordan, 
“ Anregung von Quantonsprungen durch StOsse,” p. 180; “ as is to be expected on 
theoretical grounds, , . . the efficiency [of excitation in the inert gases] is extremely 
small, especially in Neon.” Prof. Townsend and Dr. McCallum appear to have assumed 
that, according to the Quantum Theory, the efficiency is always nearly unity. 
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and clearly the inelastic collisions are what act as a brake on the rise of current.* 
If, however, we attempt to assume a definite probability for these collisions, 
so as to reduce the exponent to the right amount, we still have to allow for the 
fact that an electron which actually suffers an inelastic collision has then, at 
subsequent planes, several volts more energy than one which succeeds in 
keeping its energy until it has enough to ionise ; it will thus be in a position 
to ionise in its turn earlier than the other at the next attempt, and this will 
have a considerable secondary effect on the exponential constant. In this 
way the electron-groups continually break up, and it seems better to start 
by discussing de novo the whole question of the distribution of energies in the 
stream. 

The argument will be founded on a principle already set forth,f that once the 
current-curve has become exponential, the entire distribution can be directly 
calculated if the electrical properties of the atoms are known, use being made 
merely of the theorem of the conservation of energy. For practical application 
of this principle it is necessary to postulate somewhat idealised atomic character¬ 
istics, but this is merely to reduce the purely algebraical difficulties. The 
problem will be treated first on very simple assumptions, and then on somewhat 
more complicated ones, and it will appear that further increase in complication 
along such lines can scarcely bring much further improvement in accuracy, 
owing to other difficulties. 

As collisions at the various potentials are in no way distinguished from one 
another in the experiments, while theory is still hardly in a position to offer 
much help on the point, we leave on one side the question of the relative 
probabilities of different transitions and the changes of probability with 
potential. We assume arbitrarily that the total probability that an (unspecified) 
inelastic collision will occur is zero below the first critical potential F, and 
constant between this and the ionisation-potential I. For the sake of con¬ 
venience we postulate that it is constant per centimetre of the field travelled, 
not per collision. The number of collisions per centimetre is somewhat un¬ 
certain, and is different at different energies, so that our assumption is probably 
preferable to, and certainly less complicated than, the assumption of a constant 
probability per collision. It may be noted that, since the number of possible 
transitions increases greatly with the voltage, while their individual probability 
presumably decreases, the hypothesis may actually be fairly close to the 

* That the photo-electric effects which they also call forth will be too small to be 
measured by this method is clear. (Atkinson, lac, cit. . p. 337.) 

t Atkinson, foe. ciL t p. 344. 
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facts ; but this is comparatively irrelevant. We have merely defined what we 
propose to understand by “ average probability,” and the results must be 
viewed in the light of the convention thus adopted. 

For a first calculation we will also assume that the probability of ionisation 
is large above the ionisation-potential. This simplification will be removed 
later. 

It is convenient for the analysis to introduce also a slight change of notation. 
For the a of Townsend s formula we substitute co = a/X ; the equation thus 
becomes i ~ if V is the potential between the plates, and the relation 
a/p = / (X/p) simplifies to <o = F(X/p). The pressure, which is entirely 
irrelevant except in so far as it affects X/p, thus no longer appears in any of 
the formulae explicitly, and it is no longer necessary to “ put p = 1 for sim¬ 
plicity.” Further, for the case that inelastic collisions occur only at approxi¬ 
mately one potential, and that some definite proportion of these result in 
“ ionisation ” (helium at high pressure with a trace of impurity, for example), 
the relation may be expected to reduce to to = F = const., as in fact it 
approximately does in the range in which the “ elastic ” losses can be neglected. 
Since a departure from constancy is more striking than a departure from 
proportionality with the abscissa at small abscissa), this form appears also 
better suited to make the effect of the elastic losses visible in the curves. 
However that may be, referring everything to a scale of volts instead of to one 
of centimetres is very much more convenient in the present treatment. 

We consider now a plane, A, in the gas, perpendicular to the field-direction. 
Let ft . (IV be the number of electrons with energies between I and I ~f tfV 
volts that cross this plane per second ; this number divided by the number 
giving the total current across A must have the same value for all planes, 
since the distribution has reached a steady state. Thus at a point I —V 
volts further down the field, where the total current is larger in the ratio 
e a ~ V)w , the number of electrons with energies in the same range must be 
n . c (1 "' V)u, rfV. Consider now the electrons at A with energies between V and 
.V + dV, where F <* V I; let their number be n v . dV per second. As 
these electrons travel down the field, their number will be diminished by 
occasional inelastic collisions that remove individual ones from the group; 
we have assumed that the probability of this is constant per centimetre, i.e., 
per volt, and we accordingly have for the number of electrons still in the 
group when the group-energy has become V', n v * e~ (V '“ V) *dV, where 0 is the 
constant we wish to determine. Since there is no acc\maulation of electricity 
between any two planes, and since by the conservation of energy there is no 
von. cxzn.— a. 2 F 
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other source of electrons of energy V', this is the number of electrons of energy 
V' crossing the plane A -f V' V per second. In particular if we put 
V' = I we have w v * V)tf — n . e (I “ v * w or 

n v = n . (F?V?1). 

The extension of the formula below the first critical potential obviously 
takes the form 

n v «= n . e <i-W+<J-v )(U (o^V? F). 

Thus for the idealised conditions assumed here, the derivation of a complete 
expression for the distribution of velocities presents no great difficulty ; having 
obtained the formula, we have two distinct methods open to us of deducing an 
equation for the constant 0. The first is as follows. 

The number of electrons with energies between 0 and dV volts is evidently 
n . e (i dV; this must be equal to the number that will be formed (each 

with energy 0), between the planes A and A + dV. This number is the sum 
of two ; on the one hand we have, as the result of ionising collisions, 2 n (since 
the ionising electron is also reduced to rest), and on the other hand all those 
that will be produced by inelastic impacts at excitation potentials in this 
region. The number of these is 

f « v . o dv = -£i- (e a-»)(« + .) _ j). 

J F U -f- tO 

Thus we obtain as the equation for our unknown, 0, 

_ 1! _ (,,(i-K)<#+*> _ | \ .1 -2 — »(T-n*+i» 

0+»* 

For future reference this may be rewritten 

^-*>{0 ( e i - _ e U - v )») + ** 1 -} = 0 + 2 o >, 

which is also the most convenient form for evaluation. 

It may be noted that, if we put 0 — 0 in this equation, we obtain I<o = 0 * 693, 
as we evidently should. 

The above derivation has been given first as being physically the more 
direct, since the part played by the probability-constant 6 enters into it- 
explicitly ; the following alternative derivation, in which that is not the case, 
is algebraically simpler. If we integrate n v from 0 to I, we obtain the total 
current, N, at the plane A.* The rate of increase of this, dN/dV, at A is clearly 

* 7.e., the total electron-current. The total current of all sorts is, of course, the same 
at all pianos, the balance being carried by positive ions. The total current when the 
movable electrode is in the plane A is the same as the electron-current at the plane A 
wherever the movable electrode is, unless the positivo-ion space-charges distort the field. 
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equal to n ; it is also equal to coN, since the curve is exponential. If then in 
the expression for N we write coN = n, we obtain the above equation directly, 
though at first sight it is somewhat surprising that this should be so. 

In the case of the experiments under review, a was 4*2 when X was 483, 
and 4*3 when X was 487 ; we may thus put co 8-70 . 10~ 3 . Since the gas 
was neon we have also F 16*0 and 1 = 21 -a. The equation is then solved 
by 0 ~~ 0*3 44 . Thus the inelastic collisions reduce the number of electrons 
in any group at the rate ,1 : e~°* 344 = 1 : 0-708 per volt. If then there are m 
collisions per volt, the efficiency is 1 — v' 0*708 per collision. 

The evaluation of the total number of collisions that occur, a necessary 
feature of any discussion of efficiencies, is quite extraordinarily difficult in 

3^. ^ 

the present case. The formula of Hertz,* vdx —■ —^ log - dx, rests on two 

A* IT 

assumptions, neither of which is in any way fulfilled here. The first is that at 
the plane x a the density of the electrons under consideration is zero, as is 
the case when a collecting-plate is there. The condition is also satisfied when 
all the electrons suffer an inelastic collision as soon as they reach this plane for 
the first time, and we have assumed up to the present that this is the case as 
soon as they reach the energy T. The assumption is, however, certainly 
incorrect. Qualitatively it is clear that the real number of collisions will be 
larger than that given by the formula, since the electrons which have passed 
the plane where their energy was I can now return and suffer further collisions 
at lower potentials ; it is however not very easy to estimate the effect of this 
possibility. The other unfulfilled .assumption is that no serious number of 
inelastic collisions occurs within the range under consideration itself; since 
an electron which reaches, say, 20 volts has a larger chance of turning back and 
colliding at, say, 18 volts on Hertz’ assumption than here, where it may lose 
its energy at 20 volts and be forced to travel forwards, this disturbance works 
in the opposite direction to the other. On the whole it appears probable that 
in this case the former effect predominated, and we shall allow for both together 
by putting the plane x = a at 22*5 volts, and integrating Hertz/ formula then 
from the plane 16*6 volts to the plane 21*5 volts. If we assume X = 1/11 cm. 
at p = 1, this gives us 33 collisions in the range in question.*)* 

The accuracy of our assumptions probably does not justify us in subdividing 
this number for the different voltages, and we may say we have nearly 7 
collisions per volt. In this case the efficiency works out to 5 per cent, per 

* * Z. Physik/ vol. 32, p. 305 (1925). 
f X/p was 13 in these experiments. 


2 f 2 
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collision. For convenience we append the values of the efficiency for some 
other values of m, the number of collisions per volt. 

m =34567 89 10 

E (per cent.) = 10-9 8*3 6*7 5*6 4*8 4*2 3*8 3*4 

We reserve discussion of these values, which at first sight may seem some , 
what large, until the effect of assuming a smaller ionisation-probability than 
1 in the evaluation of 6 has been investigated. 

The calculation is in this case considerably more complicated, but the 
simplifying assumptions necessary are very similar to the previous ones. We 
assume that the probability, <f>dV , that an ionising-collision will occur between 
two planes distant dV apart is constant as soon as the electron’s energy is 
greater than I, that the surplus energy is equally divided between the ionising 
electron and the new one produced, and that no inelastic collisions that do not 
lead to ionisation occur in this range. Since the probability per collision that 
ionisation will occur apparently rises with the energy, while the number of 
collisions per volt decreases, the assumption of a constant probability per volt 
may again be fairly near the truth. 

The distribution of the electron-velocities at low values will now be modified 
by the fact that electrons join the stream with energies > 0. The value of <f> 
is, however, certainly so large that the number joining with energies of, say, 
12 volts or more is entirely negligible, and the distribution from this figure on 
will thus be as before. Accordingly we may proceed on the following lines. 

Let P be some potential so large that no electrons with energy P join the 
stream. Then if the number of electrons at the plane A, with energy between 
I and I + dV is n. dV as before, the number which, on reaching the plane 
A ^ p _ V will have the energy P is 

^r-v> w n * C <i-F)«+ (i-P) M n m (i-v)*, jy 


This number is made up of two : on the one hand we have those which, at the 
plane A, already have the energy Y ; we call these % dV as before : on the 
other hand we have all those which, at planes A + V', come in with energies 
V + V'. The number of these is twice the number of ionising collisions with 
energies I + 2(V + V') that occur in the planes A + V'. The number of 
electrons which at a plane A — (2V + V') had the energy I was 

n . e“ (2V fV '> w dV ; since <f>dV' , e" 2<v+v ' )<#1 of these come in question, 
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we have 

nydV = «-.e (I “ F)#+(T " V)u *(iV-2n^rfV [V 2(v+v '>* ~ (2V * V 'WZV' 

Jo 

or 

«V = w . *i-*>»ki-v>«_ . ,ie-2V(0^)[ e " v ' (!t * t “ ) |° 

L 2^ + co Jp 


By hypothesis no electrons with energy P join the stream ; thus it will make 
no difference if oo is substituted for P in the limits of this expression. A 
difficulty would arise if P were actually greater than F, and this might well 
occur with some gases at low pressures ; with the lighter inert gases at fairly 
high pressures it can scarcely be the ease. Thus we have 


n w = n 


p(I—F)0+ (I - V)« 


2 n£. 

2 <f> -J- <0 


(0 5 V 5 F). 


For the range of inelastic collisions we have as before 


% = « . cCi-v)W+-) (F 5 V ^ I). 


The new range V I can also be evaluated without difficulty. The number of 
electrons which, at a plane A — (V — I), had the energy I was w . e~ <v ~ ,)w dV; 
of these, e** < v ^ survive, and have the energy V. Thus 

rc v = n . ^-v)«+«) (I ^ v). 


The total current at the plane A is thus 

f nydV^N 

Jo 


Sim- v)» ( e h* _ _lir- 

<o {e ' (2<f> + co) (<f> + co) 


[«- 


2V (*+<,,) 


X 


0 -j- w 

The limit can again bo raised to infinity, so that 


n ( c (I-F)(»+») _ j) _|_ n 


<f>+ Oi 


N 


we' 1 -*’* 




0 


. e 


-*')« j — 


6) 1. 0 + CO 

The number of new ionisations between A and A ■+* dV is 

c d -v)»+.).dv« 

9 + u 


0 d” co 2<j6 "h 


•X 
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and this must as before be toN. Thus we obtain as our final equation 


{0 (c 1 * •— <*'- - r >“) + we 1 -) - <o + ffl <») 


r 2<p ~ ■ co 2 i 
1.(2^ + co)(^-f 6>)J 


The earlier form is obtained, as it should lie, by putting <f> = oo , and we see 
that the present more complicated analysis gives a result differing from the 
previous one only by the factor in square brackets. 

It will be found that (f> can hardly be so small that this factor differs seriously 
from 1. For example, if we assume 4 collisions per volt, with an ionising 
efficiency of 22 per cent., or 3 collisions per volt with an ionising efficiency of 
28*5 per cent, (figures which on the whole appear reasonably probable), we 
have <f> as 1 ; since co =* 8*70.10~ 8 , the correction is clearly negligible. Even 
if we put (f> as low as 0 • 20 (which would mean only 6| per cent, ionising efficiency 
with 3 collisions per volt, or 9| per cent, with 2 collisions per volt), we still 
obtain 0 = 0 * 331 , giving an excitation-efficiency of 4*0 per cent, instead of 
the previous 4 * 8 per cent, for 7 collisions per volt. Clearly the uncertainties 
of the present analysis rest on the difficulty of applying the Hertz formula, 
and not in the particular assumptions on which we work. Thus there is no 
point in extending the discussion to take account of the facts that the surplus 
energy on ionisation is not in general equally divided between both electrons, 
or that there is also in general a small surplus energy with excitation-impacts. 

A more precise application of the analysis would perhaps be possible if we 
definitely assumed a variation of 0 with voltage, so as to take account roughly 
of the changing number of collisions per volt and the change (when known) of 
probability per collision; the necessary information is, however, hardly 
available as yet. It seems clear in any case that the result would not be much 
changed. 

We are thus led definitely to the conclusion that the average value for the 
sum of all excitation-probabilities is about 5 per cent, in neon. In point of 
fact there will presumably be regions in the energy-range in question where 
the probability is appreciably less than the average ; owing, however, to the 
high power to which the probability is raised (33 collisions in the entire range), 
such gaps can be compensated by a very slight increase in other regions. We 
have thus to consider the reasonableness of this figure. 

On theoretical grounds, the high value of the excitation-potential and the 
high degree of symmetry of the unexcited atom lead us to expect a com¬ 
paratively small excitation-probability. On experimental grounds the well- 
known ease with which a discharge can be passed through neon points to the 
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same conclusion. As one of the best-known determinations of an excitation- 
probability is that for the 4-9-volt transition in mercury,* where the value is 
about 31 per cent., it might be suggested that 5 per cent, is too high for neon. 
The following arguments may perhaps lend support to the figure. 

In the first place we have to do here with the sum of all possible transition- 
probabilities ; the number of possible transitions is large in neon, and any one 
individual probability will thus be decidedly less than 5 per cent., at least 
unless there is in fact a very marked variation of probability with voltage. 
In the second place, 2537 A. is an intercombination line, with an optical 
intensity about 50 times less than that of the D-lines for example, and its 
electron-excitation ought therefore to be relatively improbable. The com¬ 
parison should be made with the most probable transitions of other elements, 
and as far as measurements of these go, their probabilities seem to approach 
unity in many eases, if we exclude the iuert gases.f 

The readiness with which neon conducts may in part also be accounted for 
by two other factors. The first is that the mean free path in this gas is one of 
the longest among the simple gasesj (we are clearly not concerned here with 
very low velocities); the second is that (I — F)/I has here a comparatively 
small value. Both these factors reduce the number of collisions that actually 
occur in the inelastic range ; as this number is an exponent, the effect of 
altering it is considerable. (Differentiating the Hertz formula shows that the 
maximum number of collisions occurs at the plane x a/e, i.c., in our case at 
less than half the ionisation potential, and falls off steadily after that.)§ Thus 
on the whole the figure here obtained may be nearly correct. 

It may be noted that impurities must almost certainly raise the value of 
a, i.e ., of <o ; ft further decrease in the value of co below that now found experi¬ 
mentally would involve an increase in the value of G, i.e., of the excitation- 
probability. 

The position thus reached throws some fresh light on the relations between 
the “ Townsend Theory of Ionisation by Collision ” and the general scheme 
provided by the Quantum Theory. The most recent unified presentation 
of the Townsend Theory appeared some time ago, and it seems certain that it 

• 8poner, ‘ 55. Physik,’ vol, 7, p. 185 (1921) ; but see also Hertz, loc . cit. 

f Franok and Jordan, p. 179. 

{ See for example, Franek and Jordan, p. 20. 

| In this respect the previous paper by Atkinson (loc. cit. t p, 342), contains an error; 
the number of collisions per volt does not rise steadily with the voltage, the average energy 
per oollision is probably appreciably less than 19-77/2, and the agreement with experiment 
is thus greatly improved* 
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has undergone alterations since then , though their extent is difficult to deter¬ 
mine ; central to it is, however, presumably still the derivation of the well- 
known and empirically verified “ Townsend Collision Formula.” This rests 
on the definition of the quantity a as “ the average number of new ions produced 
per ion per centimetre in the direction of the field.”* The present discussion 
has shown that the definition, and the derivation based on it, require some 
modification. 

The measured a of the curves and the " average number of ions per ion per 
centimetre ” would only be identical on the assumption, which was in fact 
originally made, that the probability of ionisation is independent of the distance 
travelled since the last ionisation, i.e. y as we now know, of the energy of the 
electron. In all other eases a must be multiplied by a factor depending on the 
integrals of the various probability functions concerned. For example, let 
the probability of ionisation be zero up to a certain potential, and then so large 
that ionisation occurs within a small energy-range ; if the energy is not also 
dissipated in other ways, the average number of ions per ion per centimetre 
is then a/0 *693. If nothing is known about the form of the probability-curves 
involved, the relation between the measured a and the “ average number of 
ions per ion per centimetre ” cannot be determined. 

It is clear that an exponential current-curve will always be obtained as soon 
as the distribution of electronic velocities has reached its final chaotic form, 
and that in fact if inelastic collisions can occur at various energies this form will 
in general be fairly quickly reached. The curve does not, however, take the 
form,i == i 0 e aX because a has the meaning originally assigned to it, but for the 
fundamentally different reason that, in the notation of the present paper, 
dN JdV = n (or nearly so), together with the fact that in the steady state w/N 
is constant. It is a question of principle whether we can in any degree name 
the electrons which are on-the point of ionising, and the fact that we can 
appreciably increases the difficulty of the analysis. 

It seems that previous treatments of this question may have led to somewhat 
unacceptable results partly because insufficient attention has been paid to this 
point. The most thorough attempt to infer ionisation-potentials from the 
values of a is by Townsendf ; this treats the problem, however, in terms of 
the average energy possessed by all the electrons at any given plane, the 
average energy lost in a “ cycle ” by an electron, the average energy at which 

* ft 1 .?., Townsend, ‘ Phil. Mag.,’ vol, 45, p. 446 (1923); Huxley, 4 Phil. Mag.,’ vol. 3, 
p. 1056 (1927), and vol. 5, p. 727 (1928), etc. 

f - Phil, Mag.,’ vol. 45, p. 1071 (1923). 
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ionisations occur, and so on. It appears unlikely that a treatment as statistical 
as this can lead to correct results in a problem where various alternatives are 
often open to the electron, and in fact the results obtained are not confirmed 
by any other workers. Thus ionisation-potentials of 12* and iOf volts have 
been inferred for helium, 21 volts and 17 volts are given as u upper limits 
for the ionisation-potentials of helium and neon respectively,! and the discovery 
that the losses at inelastic collisions have perfectly definite discrete values that 
can be predicted from optical data has no place in the statistical results at all. 
All that these measurements suggest is that, when the average energy of all 
the electrons is large, the average losses are also large enough to indicate a 
fair degree of average inelasticity.§ 

Notwithstanding these disagreements, however, the present analysis has 
shown that, if we trust to the very large and now almost completely 
unanimous mass of experiment that has established the supremacy of the 
quantum theory, so that we are clear as to the processes involved and the 
potentials at which they occur, the statistical experiments can give us, on 
the question of the probabilities of these processes, information which has 
not as yet been obtained by any other means. 

One weakness of the present discussion should perhaps be specially mentioned. 
Not only is the energy gained on one mean free path in the field-direction 
somewhat more than 1 volt in neon when X/p = 13 as in the present case ; it 
is possible that the phenomena are governed to an appreciable extent by the 
behaviour of the exceptional, rather than the average, electron. It will 
occasionally happen that electrons have a number of successive free paths 
longer than the mean, and a number of successive collisions which impose 
collectively very little motion against the field; it seems probable that the 
numbers of electrons that thus reach potentials very considerably above ¥ 
may be much larger than they could be if each electron evinced only average 
behaviour. In an electron-stream increasing exponentially with the distance 
it is by no means clear that such effects will be counteracted at all accurately 
by other electrons differing from the average in the opposite sense. A calcula¬ 
tion taking account of these considerations would probably be extremely 
complicated, but the possibility that they are important should not be 
forgotten. 

* ‘Phil. Mag./ vol. 45, p, 1078. 

t Townsend and Ayres, ‘ Phil. Mag./ voi. 47, p. 413 (1024). 

! Townsend and Focken, * Phil. Mag./ vol. 2, p. 495 (1926), 

$ Townsend and Bailev, * Phil. Mug./ vol, 44, p. 1045 (1922), and vol. 46, p. 661 (1923). 
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Summary. 

Starting from the Quantum Theory standpoint, a method is developed of 
analysing the results obtained by the Townsend type of experiment, in which 
currents of the form i ~~ i 0 e aX are found on varying the distance x between two 
parallel plates in a gas at comparatively high pressures. The first critical 
potential and the ionisation potential are assumed to be already known, and 
the mean probability that at potentials in the range between them a collision, 
if it occurs, will be inelastic can then be approximately evaluated. The 
chief uncertainty is due to the fact that the Hertz formula cannot strictly be 
employed here to calculate the total number of collisions that occur. 

The result is applied to new measurements on neon by Townsend and 
McCallum, and the mean probability that collisions will be inelastic is found 
to be about 5 per cent. This represents the sum of the probabilities of all 
the transitions that/ can occur at any one given energy. Reasons are adduced 
for considering this figure a plausible one. 


The Ultra-Violet Spectrum of Magnesium Hydride ,. 

1 .—The Band at X 2430. 

By R. W. B. Peaese, A.R.C.S., B.Sc., D.I.C., Demonstrator of Physics, 
Imperial College of Science and Technology, South Kensington. 

(Communicated by A. Fowler, F.R.S..Received October 26, 1928.) 

[Plate 9.] 

Introductory. 

The system of bands in the visible region of the emission spectrum of 
magnesium hydride is now well known. The bands with heads at XX 5622, 
5211, 4845 were first measured by Prof. A. Fowler,* who arranged many of 
the strongest lines in empirical series for identification with absorption lines 
in the spectra of sun-spots. Later, Heurlingerf rearranged these series in 
the now familiar form of P, Q and R branches, and considered them, with the 
OH group, as typical of doublet systems in his classification of the fine structure 

* ‘ Phil. Trans.; A, vol. 209, p. 447 (1909). 
t * Dissertation, 1 Lund (1918). 
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of bands. More recently, W. W. Watson and P. Rudnick* have remeasured 
these bands, using the second order of a 21-foot concave grating, and have 
carried out a further investigation of the fine structure in the light of the present 
theory of band spectra. Their detection of an isotope effect of the right order 
of magnitude,f considered with the general structure of the system, and the 
experimental work on the production of the spectrumseems conclusive in 
assigning these bands to the diatomic molecule Mglll The ultra-violet spec¬ 
trum of magnesium hydridf? is not so well known. The band at X 2430 and 
the series of double lines in the region X 2940 to X 3100, which were recorded 
by Prof. Fowler in 1909 as accompanying the group of bands in the visible 
region, appear to have undergone no further investigation. In view of the 
important part played by hydride band spectra in the correlation of molecular 
and atomic electronic energy levels, it was thought that a study of these features 
might prove of interest in yielding further information on the energy states of 
the MgII molecule. The present paper deals with observations on the band 
at X 2430 ; details of an investigation of the other features of the ultra-violet 
sjmetrum will be given in a later communication. 

Experimental. 

The source used for production of the spectrum was a magnesium arc in 
hydrogen at low pressure. The apparatus employed was very similar to that 
described by Prof. Fowler except that the pole-pieces were water-cooled to 
allow continuous running for long exposures. Hydrogen from a commercial 
cylinder was dried by passage over P a Of> and allowed to pass in a slow stream 
through the arc chamber, in which the pressure was usually kept between 
1 to 5 cm. of mercury. 

For a general survey of the spectrum thus produced photographs were taken 
on a quartz spectrograph (Hilger’s E.2) giving a dispersion varying from 05 
A./mra. at X5500 to 7*5 A./mm. at X2300. The most conspicuous features 
shown on these plates, apart from the series spectra of Mg and Mg + which are 
always present with varying relative intensity, are (I) the clearly defined set of 
heads of the visible band system ; (2) the band structure at X 2430, which in 
the general arrangement of its heads and in their intensity distribution closely 

* ‘ Astrophys. J.,’ vol, 63, p. 20 (1920); 1 Phys. Rev.,’ vol. 29, p. 413 (1927). 

t For further details of the isotope effect see Section 8 of the article by Loomis, chap. V, 
of the U.S. National Research Council Report on Molecular Spectra in Gases. 

t A summary of the experimental work previous to 1900 is ^iven in Prof. Fowler’s paper, 
foe. cit 
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resembles the 0, 0 sequence (at X 521J) of the first system ; and (3) the almost 
continuous background of very close lines stretching throughout the whole 
of the intervening region. This background, without showing any conspicuous 
heads, appears to reach a maximum intensity in the region X 3100 to X 3500. 
The structure also becomes more open near this region, and between X 2940 
to X 3100 has the appearance of series of double lines as described by Prof. 
A. Fowler. Heads, composed of relatively weak lines, may also be detected 
approximately at XX 2640, 2720, 2940 and 3100. These evidently belong to a 
very extensive system of bands quite different in character from the other two 
systems, for in this case each band shows a single R-head and is degraded to 
the red end of the spectrum, whereas the other bands show strong P and Q- 
heads and are degraded to the further ultra-violet. It will be convenient in 
what follows to refer to these three systems as the a, ($ and y-systems respec¬ 
tively. For the present, attention will be confined to the structure of the band 
at X 2480, which is the only strong member of the p-system. 

Measurements. 

For the purpose of measurement, photographs of the p-system were taken 
on a quartz spectrograph of the Littrow type (Hilger’s E.l) having a dispersion 
of 2-3 A./mm. in the region of X2400. The wave-lengths of certain strong 
lines were determined by interpolation using an iron arc comparison spectrum, 
taking Burns’ measures as standard. The other lines were then measured 
relative to these on the strongest part of another plate which showed excep¬ 
tionally good definition, and on which the overlapping y-system was very 
weak. It was thought that in this way better relative values of the wave¬ 
lengths—so important in forming the combination differences, would be 
obtained, although possibly the absolute values might suffer slightly. Reduc¬ 
tions to wave-numbers in vacuo were made with the aid of Kayser’s 4 Tabelle 
der SohwingungzahUm.’ The wave-numbers of the P, Q, and R branches of 
the X 2430 band are shown in Table I. A further Q-branch belonging to the 
next band of the sequence was sufficiently strong for measurement, and is 
shown in Table II, but no corresponding R or P branch could be detected. 
These appear to be abnormally weak if not altogether absent. Eye-estimates 
of the intensities of the lines are given in brackets after the wave-numbers. 
These were made in the first place from the plate using a microscope and then 
their order was checked by sliding one-half of an enlarged print of the band 
over the other half, and comparing line with line. The second method was 
especially useful for comparing lines of similar intensity which could not be 
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brought into the field of view of the microscope at the same time. A complete 
list of the wave-lengths measured is given in Table VI. 


Table I.—Wave-numbers and Intensities of the Lines of the Band near X 2430* 



P branch 


Q branch 


R branch. 


m. 

.. -.— 

-.— 


— 




v (vac.). 

(0. 

i' (vac.). 

<*)• 

v (vuc.). 

(•’). 

1 





41248*62 

(2) 

2 



41236*98 

<6) 

<«}) 

3 

41214*16 

(«) 

36*98 \ 
38*65 J 

(6) 

(0) 

(74*7) 


4 

04•39 \ 
02-66/ 

(1) 

(1) 

40- IK 

<«D) 

89*20 

(4) 

5 

41194*55 

(2D) 

42*69 

(«) 

41304*10 

. < 4 > 

6 

86 * IK 

(2) 

46*36 

<») 

20*15 

(«> 

7 

78*64 

(3) 

50*64 

(9) 

36*57 

(6) 

8 

71*89 

(4) 

56*67 

(10) 

53-91 

(5) 

9 

65*95 

(6) 

61*44 

(10) 

71-92 

(4) 

10 

60*82 

(6) 

67*98 

(») 

90*35 

(1) 

11 

56*64 

(4) 

75*07 

(10) 



12 

52*52 

P) 

83*30 

(8) 



13 


(2D) 

91*81 

(7) 



14 


41301*26 

(7) 



15 



11*49 

(8) 



16 



22-39 

(8) 



17 



34*30 

(8) 



18 



46*69 

(4) 



19 



60*02 

(3) 



20 



74*09 

(3) 



21 



88-85 

(3) 



22 



41404*69 

(2) 



23 



21*16 

(2) 



24 



38-66 

(«) 




The wave-numbers, givon in brackets, for E (2) and K (3) were obtained by combining the 
values of <d*F"(3) and A 9 F" { 4) for the A 5211 band with P (4) and P(5). I) indicates that 
the line appears rather wide, possible double. 
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Table H.—Q-bmneh of (1, 1) Baud. 


i 


v vat. 

Jr. 

J z v. 

41428-20 (1) 



! *00 

0-15 

20-80 (1) 

1 81 


:u-t>7 (l) 

3*20 

1*30 

34*87 (2) 

3-70 

0*50 

as* oh (f>) 

4 - 80 

101 

43 Mi (2) 


0*97 

5'77 


40*23 (31)) 

0-74 

O-07 

55*07 (3D) 

0-02 

0* IS 

02-80 (3) 

S'25 

1*33 

7M4<2) 

8-98 

0-73 

80 -12 (2) 


0-90 

! 0*1)7 

0-81 

41400-00 (3) 

10*78 

1*02 

41500*87(2) 

t 

11*80 


12-07(4) j 

12*57 

0-77 

25 -24 (1) i 

i 

13*65 

1 08 

38*80 (4) 


1 • 17 

14*82 


53*71 (1) 

15*10 

0-34 

08-87 (1) 

i 

, 10*00 

1-80 

85*83 (1) 

' 

0-19 

17-15 


41002*08 (1) 




The Structure of the Band . 

The band at X2430, shown in Plate 9, resembles the one at X5211 in 
possessing P, Q and H-branches, of which the Q are much the strongest. The 
branches are probably also double. The evidence for this rests chiefly with 
the first members of the P-branch ; P (4) is clearly double, while P (5) is rather 
wider than the lines following it. Q (3) should show a doubling similar to 
P (4), but accurate verification of this is difficult owing to the superposition of 
Q (2) on one of the components. Q (4) like P (5) appears rather wide. The 
corresponding E lines cannot be well observed as they fall into positions occupied 
by strong Q lines. Thus, the very strong line Q (9) appears where the doublet 
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R (2) would be expected, and similarly Q (11) obscures R (3). The doubling 
appears to be similar to that of the X 5211 band in decreasing rapidly in separa¬ 
tion with increasing m, but to be on a smaller scale. From the width of the 
lines the doublet separation of higher members may be estimated to be 
<0*8 cm.* 1 . In the case of the X5211 band the normal separation lies 
between 1 *5 and 2*0 cm. 1 but increases for the lowest values of m to 4*5 cm.” 1 
at P (5), which is the first member showing both components. 

A curious feature of the band is the rapid decline of intensity in the P and R 
branches after passing the maximum value. In the P branch P(10) 
is very strong, P(ll) is slightly weaker and then P (12) much weaker and 
rather diffuse. It was first thought possible that the diffuse ness might be 
caused by near proximity of P (13) and an attempt was made to measure the 
line as two close lines. It was found, however, that the mean value formed a 
more natural continuation of the series and also gave a value of A 2 F" (II) 


Table III.—Comparison of the Combination Differences relating to the Final 
States of the X 2430 and X 5211 Bands. 


j 

m. 1 

A 2430. 

Af" (»»)• 


(V - !’)■ 

<K - Q). 

(H - I»). 

1 


11*64 


2 

22 82 


34*46 

3 

34*431 
34-17 J 

— 

— 

4 

45*63 

48-81 

- 

6 

56-51 

57-74 

103*02 

i 

6 

87-72 

69-51 

128-48 

1 

7 

78*75 

80-90 

148*26 

8 

89*72 

92-47 

170-62 

9 

100*62 

103-94 

193*09 

10 

111*44 


215-38 

11 

12 

122*55 


237*83 


i 

I A 5211. 


A l F" (m). 


<Q - P). (li - Q), 


11-65 
23 -03 * 


11*97 

22-98 


(m). 

(ft - P). 

35-02 


34-45 


34*12 


57-43 


46*04 

57*02\ 
57*14 
68*54 
68*28 
79*49 
79*53 
91-06 
91*82 
102-27 
101-96 
113*36 
112-99/ j 
124*221 
124-00/ 

135*20 \ 
135-12/ 



4fi-K8\ 
45-50 / 
57-131 
57*45/ 
68*431 
68-74 / 
79-78\ 
80*01 / 
90*901 
91-26/ 
102*101 
102-50 / 
113*461 
113*56/ 
124*50\ 
124-53/ 
135-351 
135*66/ 


80*16 

102*901 
102*61 / 
125-671 
125-73/ 
147-921 
148*27/ 
170*84\ 
170*83/ 
193*171 
193*22/ 
215*461 
215*49/ 
237*68\ 
237*56/ 
259*70 \ 
259-65/ 
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Table IV.~ j Comparison of the Combination Differences relating to the Initial! 
States of the X 2430 and X6211 Bands. 


A 2430. 


A 52H. 




(Q ~P). (ft.Q). 




(R - V). 


24-40 


J t F '(«/.). 

(Q - V). j (R - QX 


14-22 

25-37 


14-54 

25*30 


J 8 F'(m). 


| (R-P). 


30-52 


3 

4 

5 

6 

7 

8 
0 

10 

n 

12 


35-71 

48-14 

60-18 

72-00 

83-78 

95-40 

107*16 

118*53 

130*78 


49-02 
61 41 
73-79 
85-93 
96-24 
110*48 


109-55 
133-97 
157-93 
182-02 I 
205*97 j 
229*53 


37*24 | 

48 - 97 \ i 
48-12/ ! 
60 • 95 \ { 
60-18/ j 

73-081 ! 
72*39/ j 
84-471 | 
84-42/ i 
96-921 I 
96-38/ ! 
108-71 \ ! 
108*25/ | 
120-361 i 
120-16/ ! 
132-04 1 
(131-80)/ 
143-84\ 
143-46/ 


36*91 

48-81 

61-061 
61-49/ 
72•971 
72-85/ 
84*761 
84*80/ 
06- 76 \ 
06-82/ 
108-541 
108-79/ 
120-451 
120-73/ 
132-321 
132-33/ 
143-99 1 
(144*00)/ 


62*28 

86-05 

110-031 
108 - 61 / 
133-921 
183-03/ 
167 * 841 
157-29 / 
181-231 
181-24/ 
205-461 
205-17/ 
229-16 \ 
228-98/ 
252-671 
252-49/ 
270-03 \ 
275-80/ 


Where the components of the line* concerned are resolved there are two values of JF (m) foi 
«aoh value of m. In the above table such values are bracketed together, the ones arising from 
the low frequency components being placed first. In the case of the A 5211 band the early 
single values arise from low frequency components as these aye the stronger near the origin. 


in close agreement with that given by the X 6211 band.* The existence of a 
P (13) line is also rendered unlikely by examination of the R-branch. Here 
R (10), which has the same initial level as P (12), although rather dose to 
Q (21) is clearly present, and like P (12) shows a drop in intensity. R (11), 
Which corresponds to P (13), would be expected to appear in a space clear of 
other lines but cannot be observed. The Q-branch, however, does not show a 
similar break but continues with gradually diminishing intensity to Q (24), 
after which the lines become difficult to trace owing to the superposition of 
lines of the next Q-branch. A similar abrupt cessation of the P and R-branches. 
has been noted by Mullikent in the X 3634 band of Call.. This band, however,, 
has no Q-branch. 

* For definition of A a F"(wi) »ee nexfsection (equation (9)). 

t ‘ Phys. Rev.,’ vol. 25, p. 500, and vol. 25, p. 500 (1025). 
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Analysis of Band Structure. 

In Tables III and IV are shown the combination differences relating to the 
final and initial states of the X 2430 band, together with the corresponding 
values obtained by W. W. Watson and P. Rudnick for the X 5211 band. In 
order to facilitate comparison, the m-numbering used by those writers has 
been adopted here. The integral m is not to be considered as a quantum 
number but as a counting number arising in the empirical ordering of the band 
lines. The to values in the three branches are related according to the follow¬ 
ing equations:— 

P (to) = F' (to - 1) - F" (to), (1) 

Q(w) = F'(m) -F" (to), (2) 

R (to) = F' (to + 1) — F" (to). (3) 

The rotational term differences are defined in the usual way, thus :— 

A t F (to) = F (to + 1) - F (to), (4) 

A*F (to) = F (to + 1) - F (to - 1). (5) 

Two values of AjF (to) may be obtained from combinations of equations (1), 
(2) and (3) for each of the electronic states ; for the initial state 

A X F' (to) = R (to) - Q (to) = Q (to + 1) - P(to + 1). (6) 

and for the final state 

AjF"( to) = R(to) - Q(to + 1) = Q (to) - P (to + 1). (7) 

The value of AjjF(to) for each state is obtained from the following combina¬ 

tions of the P and R branches 

AjF' (to) = R (to) - P (w) (8) 

A*F" (to) = R (to — 1) — P (to + 1). (9) 

With this scheme of numbering the components of the doublets each receive 
the same m-number, and therefore the combination differences arising from the 
separate components also receive the same m-number ami are bracketed 
together in the tables. 

A study of these rotational term differences shows the following results. 
For the final level the values of A*F"(m) for the two bands are in dose agree¬ 
ment over the range observed, while for the initial level the values of A,F'(m) 
are consistently larger in the case of the X 2430 band. The A x F(m) values for 
the X 2430 band show a marked combination defect; the R — Q values beiOg 
von. oxxn.—a. 2 o 
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considerably larger than the corresponding Q — P values,—the difference 
increasing regularly with increasing values of m. Watson and Rudniok report 
a similar combination defeot in the branchos of the X 5211 band for high values 
of m, but the differences in that case are much smaller. Similar combination 
defects appear in Kratzer’s analysis of some of the CH bands* and in Watson’s 
interpretation of the OH bands.f Where such combination defects occur, 
the R — P differences only can be used in comparing the terms of different 
bands, since the Q branches do not arise from the same initial levels as the 
corresponding P and R branches and, therefore, equation (2) cannot be 
combined with equations (1) and (3). 

Interpretation of Bard. 

The rotational term differences indicate that the final level of the band is the 
same as that of the X 5211 band of the visible system. The latter band has 
been shown by Watson and Rudnick to be the 0, 0 vibrational band of its 
system, which Mulliken attributes to a *P -*■ a S transition in the MgH molecule. 
Therefore, the X 2430 band is due to a transition to the vibrationless state of 
the same *S level. Further, since the band is the first member of its sequence 
and no related bands of comparable intensity appear in the neighbouring 
regions of the spectrum, its initial vibrational quantum number is also very 
probably zero. The initial electronic state is probably to be classed as *P, 
since the existence of a strong Q-branch excludes the possibility of the transition 
being of the type a S -*■ 2 S. This interpretation is supported by the great 
similarity of the structure and the intensity distribution of the X6211 and 
X 2480 bands. Further, since no other bands of similar structure appear in 
the intervening region of the spectrum, the *P level here involved iB presumably 
the next above that giving rise to the visible (a) system. If this interpretation 
is the correct one it is interesting to note that the doublet separation in the 
higher level is less than that for the lower level, as in the case of the corre¬ 
sponding atomic levels. 

Many writerej have shown that the electron levels in a molecule show a 
marked similarity to the electron levels in the atom containing two electrons 
less than the total number in the moleoule. The atom thus corresponding to 

* ‘ Z. Physik,’ vol. 23, p. 298 (1924). 

t 4 Asteophys. J.,’ vol. 60, p. 14S (1924). 

% R, S. Mulliken, ‘ Proc. Nat. Acad. Sol.,’ vol. 12, p, 144 (1920), ‘ Phys. Rov.,* vol. 28, 
p. 481 (1920), and vol. 29, p. 391 (1927); R. Mecke, ‘ Z. Pbysik,’ vol. 28, p. 2«1 (1924) J 
R.T. Birge, * Nature,’ vol. 117, p. 300 (1920),' Phys. Rev.,’ vol.28,p. 1157(1926). 



Ultra-Violet Spectrum of Magnesium Hydride. 451 

the molecule MgH is Na. In the figure the electron levels of MgH and Na are 
drawn to scale for comparison. 



Na. * MgH. 

Fig.—C omparison of the electronic levels in the Na atom and the MgH moloculu. The 
diagrams are to scale except for the doublet separations which have been increased 
about 100 times. 

In tliis connection it was thought of interest to see whether the analogy 
between the molecular and atomic electronic energy levels could be. carried 
a step further. Thus if the two *P levels associated with the a- and ^-systems 
resemble consecutive members of a Rydberg sequence then a third system 
would be expected to appear in the region of X 2000. 

In order to test this point photographs were taken on a small quartz spectro¬ 
graph (Hilger’s E.31), using plates coated with paraffin. In this way the 
spectrum was obtained as far into the ultra-violet as X1860, using expostures 
up to 1 hour. In no case, however, was this further system detected although 
the pressure of hydrogen and the current through the arc were varied con¬ 
siderably. Thus, if a third ®P -*- a S system occurs in this region at all, it is 
only with such feeble intensity that it is not perceptible against the faint back¬ 
ground of the y-system. 

The Combination Defect, 

The combination defeot is best considered in the light of Mullikcn’s applica¬ 
tion of Hand’s theory of electron spin to the interpretation of the fine structure 

2 a 2 
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of band spectra.* According to this theory the multiplicity of an electronic 
level is determined by the resultant angular momentum of spin s of the electrons; 
the multiplicity r being equal to 2s ~f-1. In the case of a doublet system, as 
here considered, s = J. For every value of j b the resultant of the orbital 
and nuclear angular momenta, there are then two rotational states, Fj andF a , 
arising from parallel and anti-parallel orientation of « with respect to j k . If 
the component of the orbital angular momentum parallel to the nuclear axis 
(a*) is zero (S states), each of these rotational states is single ; if a k is > 0 

(a* = 1, 2, 3.for P, D, F, . . . states) each is dividedinto two sub-states. 

If in two electron levels corresponding sub-states are called A and B sub-states, 
then the R and P branches result from A -*• A or B -*■ B transitions, and the 
Q branches from A *♦ B or B -*■ A transitions (so called Q “ crossing over ”). 
In a transition to the 2 S state, since only one set of these levels is present in the 
final state, it follows that the P and R lines originate in one set of levels while 
the Q lines originate in the other. The combination defect is thus a measure 
of the difference between the A and B sub-states of the initial level. That the 
combination defect arises in the initial state is dearly shown in the present 
instance, since the defect is small in the a-system, and* large in the {J-system, 
and therefore cannot be associated with the common *S level. It appears 
that in the case of these levels of MgH the difference between the A and B 
sub-states increases from one a P state to the next higher *P state. It also 
increases with increasing value of j k . The fact that the Q-branoh continues 
to much higher values of m than the P and R branches suggests that in some 
way the sub-states from which it arises are more stable than those associated 
with the P and R branches. The apparent absence of P and R branches in 
the 1, 1 band also seems to support this. 

Vibrational States. 

The search for further hands of the system of low intensity was rendered 
difficult by the overlapping of the very extensive a-system. On the Hilger E.l 
plates thiB was usually strong. But.with the instrument of lower dispersion 
greater variation in the relative intensities of the two systems was obtained, 
as the averaging effect of a long exposure was avoided, and on one plate measure¬ 
ments of the Q-heads of three neighbouring bands were possible. The results 
are shown in Table V, together with the wave-numbers of the Q-heads of the 

* For a brief account of Hund’e theory aee aeotion 6 of Kemble's artiole, ohap. VII, of 
the UJ8. National Research Council Report on ' Moleoular Spectra in Gaaea ’; see also 
R. S. Hnlliken, ‘ Rhys. Rev.,' vol. SO, p. 087 (1037). For a general notation and examples 
of ita application aee R. S. Mulliken, ‘ Phys. Rev.,’ vol. 80, p. 786 (1087). 
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Table V. 


Wave-numbers of Q-heads of the p-system. 


j n'\ 

0 


1 


2 

0 

41237 

(2424-3) 

1429 

39808 

(2611-3) 




1 mi 


mo 



l 

j 

42861 

(2332-4) 

1433 

41428 

(2413-1) 

1367 

40061 

(2496*4) 


! [The wave-lengths of the Q-hoadK observed are placed in brackets under the 

1 corresponding WAve-nnmbei*.] 


Wave-numbers of Q-heads of the a- 

-system. 


\»" 

»'\ 

0 


1 


2 

0 

j 

j 19271 

1431 

17840 

ms 

16472 


{ 1534 


1534 


1534 

1 

20806 

1431 

19874 

1368 

18006 


corresponding bands of the a-system, calculated from the formula given by 
Watson*:— 

v 0 = 19217 -f 1603-5 (n'+i) -34 • 75 («'+*)* -1493 • 5 (n"+$)+31 • 26 (n" ■ f*)*, 

where n' and n" are given integral values. 

It will be seen that the wave-number intervals corresponding to the final 
states of the two systems show good agreement. In the initial state the 
intervals are considerably larger for the p-system. This agrees with the result 
obtained from examination of the rotational data. Also, as pointed out by 
Birge and Mecke in the case of many other bands, the rotational constant B, 
of which the A*F (m) values are a measure, increases with increase of the 
vibrational constant u 0 . 


* ‘ Phyi. Rev.,’ vol. 27, p. 801 (1026). 
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Table VI. -List of Wave-lengths Measured. 


X (LA.). 



Clawaitication and remark*. 


2429*247 (2D) 
29*010 (4) 

28*757 (5) 

28-455 (5) 

28*104 (4) 
27*706(3) 

27*262 (2) 

26*768 (2D) 
26*297 (1) 

20*189 (1) 

25*730 (00) 
25*596(0) 
24*400(1) 

24*271 (6) 

24*178 (6) 

24*083 (6D) 
23*636(8) 

23*720 (0) 

23*588 (2) 

23*468 (0) 

23*173 (10) 
22*834 (10) 
22*450 (9) 
22*034(10) i 

21*551(8) ! 

21*205 (4) 

21*052 (7) 
20*498(7) 
20*332(4) 
19*899(6) | 

19*392 (6) 
19*260 (6) 
18*563 (5) 
18*430 (5) 
17*838 (4) 
17*416 (5) 
17*060(3) 
16*364 (4) 
16*237 (3) 
16*375 (3) 
15*288(1) 
14*451 (2) 
13*403 (2) 
13*080 (1) ; 

12 *984 (1) 
12*879(1) 
12*692 (2) 
12*471 (6) 
12 * 102 ( 2 ) 
11*856 (3D) 
11-464 (3D) 
11*062 (3) 
10-583 (2) 
10*341 (1) 
10-060 (2) 
09*482 (3) 
09*186(1) 
08*855(2) 
08-170 (4) 


41152*52 

56*54 

60*82 

65*96 

71*89 

78*61 

86-18 

94*55 

41202-55 

04-39 

12-18 

14*46 

34-79 

36-98 

38-56 

40-18 

42*69 

46-36 

48*02 

50*64 

55*67 

01*44 

67*98 

75*07 

83*30 

89*20 

91-81 

41301*26 

04*10 

11*49 

20*16 

22*39 

34*30 

36*57 

46*69 

63-91 

60*02 

71*92 

74*09 

88*85 

90*35 

41404*69 

21*15 

28*20 

29*80 

31*07 

34*87 

38*66 

43*46 

49*23 

55*97 

62*89 

71*14 

75*29 

80*12 

90*09 

95-17 

41500*87 

12*67 


(0,0) P (12). 

(0,0) P(il). 

(0,0) P (10). 

(0, 0) P (9). 

(0, 0) P (8). 

(0, 0) P (7). 

(0, 0) V (6). 

(0,0) P (5). 

}(0,0)1>(4). 

(0, 0) I> (3). 

(0,0)Q<1)? 

(0, 0) Q (2), (0,0) Q (3) long wave compt. 
(0, 0) (3) abort wave compt. 

(0, 0) Q (4). 

(0. 0) Q (5). 

(0, 0) Q (0). 

(0,0) R(l). 

(0,0) Q (7). 

(0,0) Q (8). 

(0,0) Q (6). Masks eomi)t«. of (0, 0) R (2). 
(0, 0) Q (10). 

(0, 0) Q (11), (0, 0) R (3) superposed. 

(0, o) y ( 12 ). 

(0, 0) R (4). 

(0, 0) Q, (13). 

(0,0) Q (14). 

(0,0) R (5). 

(0,0) Q (15). 

(0,0) R (6). 

(0,0) Q (10). 

(0, 0) Q (17). 

(0,0) R (7). 

(0,0) Q (18). 

(0, 0) R (8). 

(0,0) Q(W). 

(0,0) R (9). 

(0, 0) Q (20). 

(0, 0) Q (21). 

(!• 0) R (10). 

(0,0) Q (22). 

(0, 0) Q (23). 

(1.1) Q. 

(1.1) Q- 

(1.1) Q. 

(1.1) Q- 

(0,0) Q, (24), (1,1) Q. 

(1.1) Q. 

(l.DQ- 

(1.1) Q- 

(1.1) Q. 

(1.1) Q- 


(1.1) Q- 

(1.1) Q. 

(i. 1) Q- 

(l. 1) Q. 
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Table VI.—(continued). 
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A (I.A.). 

v vac. 

Classification and remarks. 

2408-015(0) ' 

15*34 


07-441 (1) 

25-24 

(1, 1) Q. 

06-732 (0) 

37-47 


06-650 (4) 

38-89 

(1,1) Q. 

05-792 (1) 

53-71 

(l, l)Q. 

05-471 (1) 

59-25 


04-914(1) 

68*87 

(M) Q. 

04-497(0) 

76-18 


03-933 (1) 

85-83 

| (l.l) Q. 

02-937 (1) 

! 41602-98 

1 

02-848 (!) 

i 04-61 

! 


In concluding, the writer wishes to express his thanks to Prof. A. Fowler 
for suggesting the investigation and for his continued interest and advice 
during its course, and also to Dr. W. Jevons for valuable criticism and many 
helpful suggestions. 

Summary . 

(1) In addition to the well-known visible (a) band system in the spectrum 
of MgH two others (p and y) arc found in the ultra-violet spectrum. The p- 
system is represented by a strong band at X 2430 ; while the y-system covers 
the range X 5500 to X 2430. 

(2) The X 2430 band has been analysed and found to consist of a P, a Q 
and an R branch, each composed of lines which are apparently single, but are 
probably doublets resolved only irx the region of the band origin. 

(3) The rotational analysis shows that the final state for the X 2430 band is 
identical with the final 2 S state for the 0, 0 band X 5211 of the a-system, and 
that the initial state is of the same type as that of the a-system, namely, 8 P. 
The a-system is the MgH analogue of the “ D ” lines of Na, the “ comparable 
atom/ 1 while the ^-system corresponds to the second member of the *P -**®S 
series of Na, X 3302*34, 2*94. 

(4) The X 2430 band is the 0, 0 band of the p-system. The Q-heads of other 
bands of the same system have been detected and measured under low dis¬ 
persion, and values of the initial and final vibrational quantum numbers n', 
n" assigned. This analysis also points to the fact that the final state is the 
same for the p as for the a-system. 
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Measurements of the Amount of Ozone in the Earth's Atmosphere and 
its Relation to other Geophysical Conditions.—Part III. 

By G. M. B. Dobson, D.Sc., F.K.S., D. N. Habbison, D.PhiL, and J. Lawbence, 

S.J., B.A, BJBo. 

(Received November 29, 1928.) 

§ I.— Introduction . 

The work described below is a continuation of that given in the former 
papers—Parts I and II.* The main object was to study the distribution of 
ozone in cyclones and anticyclones. This has now been completed as far as 
seems possible by private research, and most of the instruments have been 
sent to new stations*}* in distant regions of the globe in order to obtain a general 
idea of the distribution of ozone over the world. It must be remembered, 
however, that the study of the ozone distribution in cyclones and anticyclones 
has really been exceedingly meagre. If, when synoptic meteorology began to 
be studied, the same number of barometric observations had been taken at 
six stations, they would hardly have led to an accurate knowledge of cyclones 
and anticyclones 1 There may be much of great interest that has been entirely 
missed in this research, but further work must be left to larger organisations, 
as it was found that the present investigation using only seven stations taxed 
individual efforts to the uttermost ; over 5000 spectra have been measured 
at Oxford in the course of the routine work. The observations have been made 
at the same stations as those described in Part II and the instruments are the 
same as those used before. In the previous papers the amount of ozone was 
calculated on the assumption that the ozone was near the ground. Evidence 
has now been obtained that it is situated at an average height of about 40 
to 50 km.J In this paper allowance has been made for this. The difference 
is only appreciable when observations are made with the sun at less than 30° 
above the horizon and the error in the previously published results is always 
small. 

Unfortunately a slight defect developed in the optical wedge of the instrument 

* 4 Roy. Soq. Proo./ A, vol. 110, p. 660 (1926), and A, vol. 114, p. 621 (1927). 

t Viz., Spitsbergen, Egypt, California, S. India and New Zealand. 

t Cabannes and Dufay, 4 C. R./ vol. 181, p. 302 (1925); Lambert, D4jacdin and Chalonge, 
* C. R.,’ vol. 183, p. 800 (1926); Gfltz and Dobson,' Roy. Soc. Proc.,’ A, vol. 120, p. 251 
(1928). 
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at Valentia, making the ozone values rather uncertain. As the making and 
calibration of a new wedge would have put the instrument out of use most of 
the summer it was decided to use it in its defective condition. The Valentia 
values are therefore a little uncertain, but the error is seldom more than 
0-01 cm., so that it is only just appreciable when considering the ozone dis¬ 
tribution. 

§ II.— Accuracy of Measurements. 

In both previous papers (Parts I and II) we have discussed the accuracy of 
our observations, and here only describe certain new evidence of their accuracy 
and reply to criticisms that have been made recently. 

(а) Variability of Solar Radiation. —In calculating the ozone value it is 
assumed that the ratio of the energies of two adjacent wave-lengths as emitted 
by the sun is constant. The values of this constant determined at Oxford in 
1927 are almost identical with those found in 1926 ; at Arosa the 1926 and 1927 
values differ by a very small amount, which could easily be accounted for by 
the refocussing of the instrument which was done during the winter. Owing 
to poor weather conditions the constants have not been redetermined at the 
other stations. The fact that all values observed at Montezuma are so nearly 
constant shows conclusively that there can be little error from this cause. 
There is no apparent correlation between the ozone values at Montezuma and 
Dr. Pettit’s figures for the sun’s ultra-violet radiation as received outside the 
atmosphere. 

(б) Length of Exposure. —Several observations were made at Oxford in close 
succession using very different lengths of exposure. The ozone values deduced 
were all nearly identical and showed that the lengths of exposure had no 
effect on the result. 

(c) Photographic Plates. —Throughout the work Ilford Special Rapid plates 
have been used, but different batches of plates have necessarily been employed. 
When a change has been made from an old batch to a new one, Dr. Gotz has 
kindly made special duplicate observations in the excellent conditions at Arosa, 
and the results from the old and new batches have been identical. 

(d) Results from Different Wave-lengths. —In general the ozone values deduced 
from measurements of different pairs of wave-lengths agree very closely, but 
occasionally small differences appear, and continue roughly constant for a few 
days. The amount is never important but the reason for the differences has 
not been discovered. 

(e) Variability of the Ozone from Minute to Minute.—Tbexe is a very close 
agreement between individual results of observations at different times of 
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the day during settled weather. At Arosa where conditions are very good, the 
change throughout the day is often less than 0*003 cm. In very disturbed 
cyclonic conditions there is often a large continuous change between observa¬ 
tions and where this exceeds 0*01 cm. the fact is noted in the table. 

A study of the results obtained when calibrating the instruments, when 
several pairs of simultaneous spectrograms were taken in different instruments, 
indicates that the probable error of one observation is about 0*005 cm. of 
ozone. It seems that the ozone varies irregularly by 0*010 cm. or more from 
minute to minute in cyclonic weather, but the probable error of observation is 
too great to be sure of this. 

(/) Effect of Haze.- Since small particles in the atmosphere scatter light of 
short wave-length more than that of longer wave-length, a change in the 
number of these particles will affect the deduced ozone value. This error was 
discussed in Part I (p. 677). Several criticisms have, however, since been made 
to the effect that our observed changes of ozone are really largely due to 
changes in the purity of the atmosphere. Fortunately, it is very easy to show 
that this is not the case. Haze may be due to particles of all sizes, but since 
the ozone is deduced from the relative energies of two wave-lengths the greatest 
error will be caused by very small particles which scatter light in inverse 
proportion to the fourth power of its wave-length. Large particles which 
scatter light of all wave-lengths alike will produce no error. Taking the pair 
of wave-lengths 3232 and 3052 A., if the haziness is all due to very small 
particles, the values of the extinction coefficients due to these particles must 
always be in the ratio of 100 to 120 (inverse fourth power), so that to obtain 
any large decrease in the intensity of shorter wave-length in relation to that of 
the longer, there must be a much larger reduction of the intensities of both 
wave-lengths. 

Now let us take two days, apparently equally clear, on one of which the 
calculated ozone value was low, and on the other high. If we can find two 
photographs, one on each day, having been taken with equal times of exposure 
and at equal values of sec. Z, we can compare directly the actual energies 
received in the different wave-lengths. If the calculated increase of ozone 
on one day is really due to greatly increased haziness we should find both the 
longer and shorter wave-lengths greatly reduced in intensity. As an example 
consider November 24 and 26, 1926, at Arosa. The data are as follows, where 
I is the energy received at the surface. 
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Table L 








Log I. 


1920. 

Time. 

Sec. Z. 

Exposure . 

| Ozone. 

i 

i 

3264. 

3232. 

3052. 

3022. 

November 24... 

f t 26.... 

. . i 

t M.E.Z. 

| 12:28 ; 
12 :03 

2-00 

2-65 

30 #ec. 

30 „ 

i 0*240 
j 0 199 

l _ _ 

1163 J 
| 1166 ! 

1*313 

1*313 

1*059 

1*308 

; 

0*160 

0*595 

j 

i 

[Mfferenee of values 

of log I ... 

! 

-0 007 

! 1 

0 

1+0*249 

, 

+0*435 


If on November 24 tlte scattering clue to small particles and air molecules 
were double that on November 2G—other conditions remaining the same—we 
ahould have observed a value of log I of 0*518 for X = 3232 A. and 0*328 for 
X = 3052 A., and even so the calculated ozone would have only risen to 0*232 
cm. It is thus obvious that the effect is entirely different from that which 
would have been produced by an increase in the number of small particles as 
the energies received in the two long wave-lengths were practically identical 
and only the short wave-lengths were reduced on the day of much ozone. 

Fifteen such pairs of clear days have been selected and the actual energies 
received have been compared with the result given in the following table. 

Wave-length. 

1 3264 A. | 3232 A. 3052 A. 

..... I __J . i 

Moan difference of log I on days of much and ! I j 

little ozone .| 10*011 j +0 028 j +0*378 


It is quite clear from the above that on days when much ozone is observed, 
only the energy in the shorter wave-lengths—which are strongly absorbed by 
ozone—is reduced to any appreciable extent, so that the effect cannot be due 
to haze. The small reduction of the longer wave-length on days of much 
ozone is due to the fact that even these wave-lengths are slightly absorbed by 
ozone. 

It has been shown in § II (a) that there is no appreciable change in the 
relative energies of the wave-lengths used, as emitted by the sun. 

§ III.—Observed Ozone Values . 

Table II gives the daily ozone values for all our stations in Europe. The 
values for Montezuma (Chile) are not included as the changes from day to day 
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are so small that it is not possible to be sure of their reality. The Smithsonian 
Institution’s spectrograph was sent to this station in order to see (1) what was 
the nature of the annual variation in the Tropics, and (2) what changes would 
occur from day to day at a place whore the meteorological conditions remained 
nearly constant. 

The long double journey through the Tropica is definitely harmful to the 
photographic plates, and the excessive dryness and warmth caused appreciable 
distortion of the wooden spectrograph. For these reasons one would not 
place such reliance on the accuracy of the results obtained at Montezuma as 
on those obtained in Europe. This, however, cannot invalidate the result 
that the ozone is extraordinarily constant there. There are also signs of a 
curious small diurnal variation not found at other stations which makes it 
difficult to assign accurate mean values to each day. 

In Table II the amount of ozone is expressed, as usual, as the thickness of 
an equivalent layer of pure ozone at 0° C. and 760 mm. of mercury, the unit 
being 0*001 cm. 

As was show n previously the variability of the amount of ozone from minute 
to minute prevents a true mean for the day being obtained from one or two 
observations, and owing to this and the various errors of observation the daily 
mean values should not be relied upon to within 0*005 or 0*01 cm. 

During 1927 M. Buisson has taken regular observations of the amount of 
ozone at Marseilles, and kindly supplied us with an advance copy of his results 
which are now published.* These results show a very close agreement with 
those obtained for us by Dr. Gotz at Arosa. The mean value found by M. 
Buisson is, however, higher than that at Arosa. This is almost certainly due 
to the use of somewhat different constants, the wave-lengths employed being 
also different. The Marseilles values have been inserted on the pressure maps 
reproduced here, and to make them comparable with the other values they have 
been reduced so as to make the monthly means at Marseilles equal to those at 
Arosa. 

In the latter part of Table II the average values for the ozone over N.W. 
Europe are given, as these figures may be useful to others who may wish to 
compare the ozone values with other phenomena. The area in question is 
roughly a circle of some 500 miles radius centred on London. Where there are 
not enough observations to get a very reliable value the figures are marked 
with a question mark. 


* ‘ 0. R.,’ vol. 186, p. 1229 a928). 
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Annual Variations .—Table III gives the monthly mean ozone values for the 
different stations. The general character of the annual variation, as given in 
the previous paper, with a maximum in spring and minimum in autumn, is 
found for all the European stations. The exact dates of maximum and 
minimum as found at Oxford and Arosa vary by a month or so in different 
years. There is a marked difference in the annual variations at different 
stations, which is presumably due to their different latitudes. In the autumn 
all stations have roughly equal ozone values, while in the spring the northern 
stations have much more ozone. These northern stations show a very rapid 
fall between May and June so that for July, August and September, Abisko 
and Arbsa have almost identical values. This point, which will be referred 
to again later, is interesting as suggesting that in the Arctic the ozone values 
are high in spring but relatively low in the late summer.* 

Table 111.—Monthly Mean Ozone Values. 


i . . , j i 1 Monte 

Date, Abisko. Lerwick. im * Oxford. Valentia. j An>*a. { zuitia, 

j ber «- | I j Chile. 

1920. 1 : ! i 

July .i 231 274 2H7 207 \ — i (253) ; — 

August, . 208 267 ! 259 , ~~ ! 244 

September.j - 2, r )l 2+5 i 2:U 1 (228) i 230 | 

October . — — ' 24(1 245 ! (253) ' 224 . 

November .! — : — — — I -- ; 238 j 223 

December . — . • i i — ! 202 i 218 

1927. j ; j 

January ..I • ■ — — . I 293 i 212 

February . 1 •— ! — ■■■ — I — 293 i 208 

Maroh. — ! 347 — 340 ■ 341 ! 302 : 216 

April .I (375) i 348 (318) i 320 | 329 j 301 i 210 

May . 355 332 337 i 319 I 31ft 300 | 209 

June .| (290) j 285 ! 307 312 I 320 ! 282 ; 213 

July . 208 ! 278 j 279 288 294 272 I 210 

August .j (262) 279 ! 201 275 292 249 j 224 

September. j (239) ! 254 , 263 254 259 240 ! 222 

October . — i (257) \ (261) . 237 247 ! 228 | 225 

November .| -- - • — — — ! 229 \ 

December . — — . 256 i — 

1928. 1 : I 

January. - — — - — I 202 

February . i — . - • , 261 

March. - ; ' 290 | ~~ 279 

April .I -- — 323 - 290 

May . -- — 317 ; 301 1 — 

June . 1 — ; i 294 •— 266 

July .i - I - ! — i 259 - ; 248 ] ... 

August . — i — | —* — 23H i — 

{September.* — 1 — | — 241) — 232 

October .! — j — — ^ 238 — i 210 | — 


* Note that the weather of the late Bummer of 1927 was very abnormal, being wet and 
stormy in European latitudes about 50° N., but very fine in the extreme north. Further, 
especially in September, Abisko appears to have been largely in Tropical air which would 
make the ozone values abnormally low. 
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At Montezuma the ahnual variation is only just discernible, but it seems 
fairly certain that there is a small maximum in the southern spring and mini¬ 
mum in the southern autumn, as might be expected. There seem to be small 
irregularities about March and August in 1927. It is interesting to note that 
MM. Cubanncs and Dufay, having calculated the amount of ozone from the 
absorption band in the red and yellow regions, using the Smithsonian Institu¬ 
tion's data, found no evidence of an annual variation at Montezuma, while 
an annual variation was found at California. Their work thus agrees with ours 
as the small annual variation at Montezuma could hardly have been detected. 

§ IV .—On the. Relation between Ozone and Terrestrial Magnetism 1 

It has been shown previously that there is a small but definite tendency 
for days with much ozone to be associated with magnetically disturbed 
conditions. This relation is again shown in the results for 1927. Table IV 


Table IV. 


H127. 


Moan magnetic character on Mean ozone on days of 

days of 

; ' !•' "j”7 ... 

Lowest ozone. Highest ozone. Lowest character, j Highest character. 

! i 


March . 0*91 j MCI 343 | 332 

April . 0*49 ! 0*82 308 | 330 

May 0*59 ! 0*92 307 j 322 

June . 0*49 1 0 97 309 | 3U! 


shows the average magnetic character on the days of highest and lowest ozone 
values and vice versa. The observations used are those of ozone at Oxford 
and of terrestrial magnetism at Abinger (Surrey). It was thought that a 
closer relation might be found by using the mean ozone values for N.W. 
Europe and the mean magnetic character for several stations in the same 
region. The results are given in Table V from which it is seen that instead 
of the relation being closer, as was expected, it is entirely absent. This is a 
curious result which we cannot explain at present. 


2 h 2 
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Table V. Mean Ozone Values on Days of High and Low Magnetic 
Character {N.W. Europe). 



j 

I ... 



] 



1927. 





July.| Aug. 

Sept. 

.j 

j Mar. 

i_.! 

Apr. 

May. 

i. i 

June, i 

I_! 

July. 

Aug. 

Sept. 

Days of High Character 

267 

i i 

! 200 

i 

232 

324 

326 

1 323 

i 

305 

285 

270 

252 

1 

Days of Low Character 

, 207 

! 1 

258 

. 

i 

. 244 

■ 

330 

3,6 

! 317 

300 

281 ! 

270 ' 

i 

255 




.—Distribution of Ozone in Typical Cyclones and Anticyclones. 

The elucidation of this question was one of the main objects of the present 
series of ozone measurements, and the broad conclusions are shown in figs. 
1 and 2. These maps were constructed by first dra wing isobars to represent 
a typical cyclone and anticyclone, then for each normal cyclone or anticyclone 
which occurred, the ozone values for each station were entered on the maps in 
their appropriate positions according to the pressure distribution. To 
eliminate seasonal variations, differences from the monthly mean ozone values 
were used. 

In general, the results are more regular than might have been expected, 
and there was little difficulty in drawing lines showing equal ozone values. 
The region to the north-east of the centre of a cyclone is particularly cloudy, 
and here the available observations are few so that there is some doubt how 
the lines should run. Apart from this, there is good evidence of the distri¬ 
bution, though, of course, the figures must not be trusted for small details. 
The distribution in anticyclones is less definite than that in cyclones. 

In the rear of some cyclones there is a strong pressure gradient for northerly 
winds extending to within the Arctic Circle, and in this case the area of much 
ozone may extend northwards from the cyclone instead of being chiefly con¬ 
fined to an area in its rear. Another apparently abnormal case is that of an 
anticyclone situated north of the British Isles and having a strong pressure 
gradient for northerly winds on its east side. In this case the ozone values 
are often high even within the area of high pressure on the east and sometimes 
also on the southern sides of the anticyclone. In such a case there is a very 
cold current over the area where the ozone is high, from which it follows that 
the relatively high pressure area at the surface in this region will be converted 
into a normal or low pressure area in the upper atmosphere. 

The distribution of pressure around secondary depressions seems to be 
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similar to that around cyclones, and very high ozone values are sometimes found 
immediately to the west of secondaries. 

Composite maps such as those of figs. 1 and 2 are necessarily subject to the 
danger of misrepresenting actual facts if, in reality, there are discontinuities. 
Thus if a map of temperatures of the lower troposphere were constructed in 
this way, the important feature of the cold and warm fronts would be masked. 
The small number of ozone observations makes it necessary to use a composite 
method, and the possibility of real discontinuities must be kept in mind. 
The evidence is, however, against the existence of discontinuities in the ozo^e 
distribution. 

It wilf be seen that the results of the 1927 observations entirely confirm the 
close connection between the amount of ozone and the pressure distribution 
which was indicated by the preliminary results obtained in 1926. Figs. 3 to 
8* are given to show the changes in the ozone distribution on certain individual 
occasions for typical pressure distributions. Thus fig. 3 shows the pressure 
maps at the time when the lowest ozone values ever found were observed. It 
is noteworthy that the lowest ozone value occurred at Oxford a day before 
that at Arosa although the high pressure area was spreading westwards, and 
it is difficult to explain why the ozone should have risen at Oxford on the 3rd 
while it fell at Arosa. 

Fig. 4 shows one of those occasions, when there is a very sudden and local 
rise in the ozone value at Arosa which seem to be always associated with a small 
depression, as in this case. Several similar cases have been found, and in 
some the rise is seen to occur first at Marseilles and a little later at Arosa. 
The fourth map (May 30) is given to show how uniform the ozone may be over 
all W. Europe when the pressure is uniform. 

Figs. 5 and 6 show the conditions when the highest ozone values were observed 
during the passage of a cylone across N.W. Europe. April 4 and 6 show the 
ozone still low in the front of the approaching cyclone : this is marked at Ler¬ 
wick on the 6th, on which day a small secondary has caused a slight rise at 
Oxford. A sharp rise occurs at Oxford and Valentia on the 7th with the 
passing of another secondary, but the greatest rise occurs at Valentia on the 
8th, in the rear of a further vigorous secondary (which eventually becomes the 

* All the observed ozone values have been plotted on the maps of the Daily Weather 
Reports in order to study the connection between pressure and ozone changes. It is 
impossible to give more than a sample of these here, but the original maps could b© lent to 
anyone wishing to make a serious study of them. Such requests should be addressed to 
us at Boar’s Hill, Oxford. 
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main cyclone), and the area of high ozone travels eastwards with the cyclone* 
The distribution on April 10, with the highest ozone value at Oxford, would 
seem to indicate that the maximum ozone occurs in an isolated area in the 
rear of the cyclone. The fall in the ozone value at Oxford on the 12th with 
the approach of the anticyclone is very rapid, but Marseilles and Arosa have 
not yet come under its influence. 

Fig. 7 is given to indicate the somewhat variable conditions that may occur 
in an anticyclone, (The value at Lerwick on the 27th also illustrates the area 
of low ozone values which is often, but not always, found to the east of a 
cyclone.) The high values at Marseilles and Arosa on the 27th show that 
anticyclones do not invariably have low ozone values in all parts. For the 
remainder, low ozone values are found over all the anticyclonic area except > 
for the higher values at Lerwick and Valentia on the 30fch, which are presumably 
influenced by the cyclone out on the Atlantic. 

Finally, fig. 8 shows two apparently very similar cyclones, the first of which 
is anomalous in that only a very small rise in the ozone value is found in its 
rear, while the second, a week later, shows a large normal rise. It is dis¬ 
appointing that we are not able to say why there should be such differences. 
It is possible, but not likely, that the area of much ozone escaped detection on 
the 9th and 10th ; one would certainly have expected to find high values at 
Lerwick on these days. 

Variations of Ozone in Polar and Equatorial Air Currents .—In studying the 
relation of the ozone variation to the atmospheric conditions, we have also used 
the weather maps issued by the Norwegian Meteorological Institute at Bergen, 
which give a diagnosis of the situation each day, indicating the origin and 
movement of the various air-masses. In what follows, the nomenclature used 
is that of Bjerknes in his paper on the ‘ Polar Front Theory of Cyclones.’* 

It appears very clearly that the origins of the air currents in the upper part 
of the troposphere have a close connection with the fluctuations of ozone, polar 
air having a high ozone content and tropical air a low ozone content. This is 
the more interesting when we remember that the ozone is probably all in the 
stratosphere, the measurements indicating a height of about 40 to 50 km. for 
the centre of gravity of the layerf (the base of the stratosphere being at a 

* See Bjerknes and Solberg, “ Life cycle of cyclones and the polar front theory of atmo¬ 
spheric circulation,” * Geofys. Pub., 1 vol. 3, No. 1 (Kristiania, 1022). 

t ‘ Roy Soc. Proc./ A, vol. 120, p. 251. Note that these height estimates depend 
entirely on the assumption that there is no regular diurnal variation in the amount of 
ozone* 
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height of roughly 10 km.). The weather maps are based on surface observa¬ 
tions, together with cloud observations and a few upper air temperatures 
obtained from aeroplanes, and the deductions which can be made about the 
structure of the atmosphere refer mainly to the troposphere. The ozone measure¬ 
ments thus give evidence that the great polar and tropical air currents extend 
to a great height and bring their own stratosphere with them, if we suppose 
that they retain their original ozone contents as they travel. 

We will give now a general qualitative description of the results found. 
There are anomalies and certain points unexplained, but not more than would 
be expected, considering the very scanty information available about the 
conditions in the upper air. 

When north-west Europe is covered by maritime polar ” air (that is, air 
which has arrived via Greenland and the Atlantic), the ozone values are about 
the mean for the time of year, or rather above. A “ warm sector/' consisting 
of tropical air, appears over the Atlantic, and the ozone value begins to fall 
at Valentia and Oxford. This probably indicates the arrival of tropical air 
at great heights over England, since it is often accompanied by strong westerly 
winds at the cirrus level and a rise in upper air temperature, while at the 
surface of the earth the “ warm front ” is still several hundred miles away. 
A corresponding fall in the ozone occurs later on at the stations on the Con¬ 
tinent. Ozone remains low during the passage of the warm sector, but soon 
after it has passed the ozone rises rapidly ; the highest values found are those 
in the rear of depressions, and it is very noticeable that even the smallest 
secondary depression may cause a large and abrupt rise of ozone. This suggests 
that at the height of the ozone, the air has come more recently from polar 
regions than the maritime polar air at the surface.* These high values 
do not usually persist for long, and by the following day, when the air is 
described as “ maritime polar/' the ozone may again be at about its normal 
value. 

This is in agreement with the results previously found, viz., that a depression 
is associated with a fall in ozone, followed by a sharp rise, and that there is a 
negative correlation between the amount of ozone and the temperatures up 
to a height of 8 km. 

The surface of separation between tropical and polar air (the “ polar front 
surface ”) slopes upward towards the polar side at an angle of about 1 in 100, 
and it is often found that the ozone value at a station which is in polar air 

* Part I, p. 087, end of § VII (d) now appears to be incorrect. 
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may be very low for some time ; in such cases tropical air is always to be found 
on the weather map at a distance which makes it possible to suppose that at 
any rate at the top of the troposphere the air over the station is of tropical 
origin, and this conclusion is usually borne out by upper-air temperatures, 
when they are available. (Moreover it mast bo remembered that in taking 
the photographs the spectrograph is pointed at the sun, whose zenith distance 
may be as great as 70° ; so that, if the height of the ozone is 40 km., the ozone 
measured may be as much as 110 km. away from the observing station, though 
as a rule this distance is negligible in the present stage of our investigation.) 
It is thus often found that the passage of an occlusion coincides with a decrease 
of ozone, and that when old occluded warm sectors remain stationary for 
several days, the ozone value may be low even though polar air is apparently 
well established. 

Similarly, an outburst of polar air coming southward across Scandinavia 
does not always bring the high ozone values which one might expect; if a 
rise is observed, it is only at a considerable distance behind the front of the 
polar current at the surface, which may reach the Mediterranean without 
bringing a high ozone value to Valentia or Oxford. Jn such a case we can 
suppose that the dense polar air assumes the shape of a comparatively shallow 
tongue within the warmer air above it. 

It was pointed out in Part l (p. 687) that the fall in ozone in an anticyclone 
showed a lag as compared with the maximum of pressure. We suggest as an 
explanation of this the theory of the formation of anticyclones put forward by 
Bjerknes and Solberg in the paper to which we have referred. According to 
this theory, moving anticyclones are formed between a polar current and a 
tropical current to the west of it; the earth's rotation gives the northerly polar 
current a westward tendency and the southerly tropical current an eastward 
tendency, which result in an area of high pressure between the two. Thus, if 
the tropical current has a low ozone content, the minimum value of the ozone 
will tend to be in the westward (i.e., the latter) half of the anticyclone. 

Effect of Pressure Surges ..While no very well marked case of a general rise 

or fall of pressure, without much change in the relative distribution, has 
occurred in N W. Europe at a time when ozone observations are available, yet 
it seems clear from such minor cases as have occurred that the effect of surges 
of pressure on the amount of ozone is almost negligible. In no case is any 
appreciable connection shown. 

Effect of Fohn Conditions on the Amount of Ozone ,—At our request Dr. Grbtz, 
of Arosa, lias most kindly made a study of the changes in the amount of ozone 
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there during Fohn conditions. We give below his account of the enquiry 
verbatim :— 

“ The connection found by Dobson and Harrison of the increased 
amount of ozone in the upper layers of the atmosphere with cyclonic 
conditions was, on the average, fully confirmed by the observations at 
Arosa with a cadmium cell,* with the exception*)* that with a typical 
outburst of Fohn there was an increase in the intensity of the shortest 
rays of sunlight which were received, indicating a smaller amount of ozone 
present. In the following study the question has again been taken up 
using the more accurate data given by the Dobson spectrograph. 

“ For all the Fohn conditions at Arosa the daily amounts of ozone have 
been found as a percentage of their respective monthly mean values. 
The days have been divided into (a) the second and first days preceding 
Fohn conditions ; ( b ) the first, second, and following days with Fohn 
conditions ; (c) the first and second days following Fohn conditions. 
In the same way the differences of the barometric pressure from its normal 
(A6) in millimetres of Hg were also obtained. Taking the average of 
(n) cases the following results were found ;— 

Table VI. 


Bays : 

Before Fohn, 

Ftthn. 

After Folm. 


. 2 J. j 

1 2 3 

1 2 

O a per eent . 

98-3 101-7 

99*0 97-6 98-8 

104*0 102-4 

Mbm. . 

100 0 

98-4 

103-2 

M . 1 

22 1-3 

-0*3 -2*1 -12 

.3*2 -1*5 

Mean. 

1-7 1 

-10 

-2*3 

<«> . j 

(2ft) (29) 

i 

(30) (20) (20) 

(24) (25) 


“ Before and after Fohn conditions the increased ozone is connected 
with lower pressure but with the drop oi pressure at the beginning of 
Fohn the amount of ozone becomes definitely less. 

“ The question might be asked to what extent is this anomaly connected 
with the general pressure distribution over the Continent during Fohn 
conditions at Arosa (southern Fohn) and to what extent is it caused by the 
local descending wind at Arosa itself. (For northern Fohn in the South 
Alps, SuringJ has found increased atmospheric transparency for ultra- 

* * Beitr. z. Physik d. freien Atmov vol. 13, p. 19 (1920). 
t Getz, * Das Strahlungs Klime von Arosa,’ p. 01 (Berlin, 1920). 
t ‘ Met. I.? vol, 41, p. 338 (1924), 
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violet rays with outbursts of Fohn.) Thus, cm the suggestion of Dr. 
Dobson, we have further compared Fohn conditions at Arose, with the 
same days at Marseilles which never has Fohn. M. Buisson* has published 
the ozone data for Marseilles and finds a surprising similarity with Arosa, 
often to the smallest details. The general pressure distribution may be 
taken as the same both for Marseilles and Arosa. 


“ Table VII. 


Days : j 

Before Fohn. | 


Fhlin. 


After Fohn. 


2 i ; 

1 

O 

3 

1 1 

2 

O, per cent. Marseille*} 

100 100-5 

99 1 

99- 2 

98*0 

! 103-9 

101*8 

Mean.1 

100 •!! 


99 


102-9 


O a per cent. Arosa. . 

101-4 102-1 

1)8-5 

95*8 

95*2 

104*8 

104-0 

Mean. 

101 -K 


97-2 


104-4 


Ab Arosa. 

0-1 0-7 

0 2 

-1*5 

-19 

-3*7 

- 1-2 

Moan. i 

(K1 


- 0*8 

i 

—2 ■ 5 


(«) .i 

(11) (12) 

(12) 

(«) 

(4) 

(10) 

(0) 


i I i 


“ Thus the anomaly is also present at Marseilles which has no Fohn. 
ki Some typically selected special cases are still more instructive than 
the mean values and are given in Table VTIJ/* 


Table VIII. 


1027. 

Before Fohn. 



Fohn. 



After Fohn. 

Date . 

April 

4 

5 

' 

0 

7 




8 

9 

Ozone—Arosa . 

100 

95 

90 

90 

— 

— 


—- 

95 

Ozone—Marseilles . 

301 

97 

89 

89 



— 

92 

97 

Ab —Arosa . 

3*0 

2-5 

-0*3 

•-2*5 


....... 

— 

-5*5 

-5*0 

Bate . 

May 

28 

29 

30 

31 

Juno 

1 

2 

3 

4 

5 

Ozone—Arosa . 

104 

101 

98 

91 j 

97 

92 

90 

96 

104 

Ozone—Marseilles . 

102 

104 

: 98 


94 

97 

95 

102 

104 

Ab —Arosa . 

5-4 

3-1 

0*0 

-0-1 

—0*7 

0*6 

1*8 

— 2*0 

-2*0 

Bate .j 

Juno 

28 

29 

30 

! July 

T 




j 

2 

3 

Ozone ' -Arosa . 

113 ! 

100 

10) 

102 

— 



109 

101 

Ozone—Marseilles . 

108 l 

Km 

100 

108 

—. 

—. 

— 

107 

107 

Ab —Arosa . 

: —l-a! 

| -0-8 

_ _ 

-2-3 

-8*1 

; 

1 


1 

—6*1 

_ 

-1-3 


It seems clear from Dr. Gotz’a study that Fohn conditions, as such, have no 
influence on the amount of ozone. This is what one would naturally expect 
* ‘ C. R./ vol. 30, p. 1229 (1928). 
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seeing that the ozone is at such a great height in the atmosphere. The small 
fall in the ozone value with decreasing pressure at the beginning of Folm 
evidently corresponds to the rather lower ozone values found in the extreme 
east portion of a cyclone as shown in fig. 2. 

Examination of Special Periods. —A broad survey of the average relation 
between the distribution of ozone and the general meteorological situation has 
been given above, but, as it might be possible to make more progress by 
examining in detail certain cases which appeared to be of special interest, a 
mimbor of short periods, where fairly full upper air data were available, have 
been studied with this end in view. A full discussion of these would take up 
too much space, particularly as no definite conclusions could be reached which 
were applicable to all cases. It is clearly shown that the conditions at the 
surface have little connection with the ozone changes compared with the 
conditions in the free air In many cases there seems to be a close agreement 
between the ozone variations and those of the pressure at, say, 10 km. or with 
the height of the tropopausc, while the temperature in the stratosphere shows 
but little relation to the changes of ozone content. In other cases the former 
connection is less marked and the connection with the temperature in the 
troposphere shows the closest connection with the ozone. On the whole, 
us previously found, tin*, closest connection is with the pressure at about 10 km. 
or the average temperature of the troposphere, and as the mutual relation 
between these two is so close it is not possible to say which is more closely 
connected with the ozone changes. 

Formation and Travel of Isolated Patches of Large Ozone Content. —It is of 
importance to know whether patches with high ozone values can at times be 
formed over Europe, or whether such isolated patches always drift down from 
Polar or other regions where the ozone content is permanently high. There 
are a few cases where such patches with large ozone content seem to have been 
formed, but with only six stations taking observations (and with many of the 
observations missing owing to cloudy weather) it is difficult to be sure that 
these have not drifted over without being shown at other stations on the 
way. 

One of the best examples is that of March 11-13, 1927, when the ozone 
value at Oxford went up to 400 though the values at Yalentia and Lerwick 
never exceeded 382 within a few days previously. It is possible that this 
patch of high ozone travelled down from the north-west missing Valentia 
and Lerwick, but this seems unlikely. 

While it is not possible at present to say whether patches of high ozone 
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content may be formed in isolated areas, there are several cases where patches 
with more ozone than their surroundings have drifted across Europe. On 
April 8, 1927, air with very high ozone content was observed at Valentia and 
appeared at Oxford on the 9th and iOth, and presumably had passed east¬ 
wards bv the 11th. Another case is that of June 26-28, 1927, where a patch 
with much ozone appeared at Oxford on the 26th and apparently reached 
Lindenberg on the 28th. 

It is noticeable that the air immediately in the roar of a cyclone often has a 
higher ozone value than that in the same general air stream further to the north 
or north-west. There seems to be a definite tendency for high ozone values 
to be closely associated with the western side of a cold front in the rear of a 
cyclone. 

On the Cause of the Relat ion between the Amount of Ozone and the Temperature 
and Pressure in the Troposphere, —In the two previous reports of this work we 
have put forward various suggestions regarding the cause of this connection. 
These all require the average height of the ozone layer to be lower when there 
is much ozone present. The estimates of the height of the ozone at Arosa 
show that this is not the case, and therefore these hypotheses cannot be true. 
It will be seen that the results in the present paper favour the view that the 
variations art', due to the transportation from one region of the globe to another, 
of large masses of air, including the whole atmosphere up to at least the height 
of the ozone layer. However, until we know the average amounts of ozone 
and the height of the layer, in different parts of the world, further speculation 
is not very profitable. The series of observations now in progress is designed 
to supply this information, which should be available by the autumn of 1929. 

§ VI. — The Formation and Decomposition of Atmospheric Ozone . 

It has generally been supposed in the past that the ozone present in the 
upper atmosphere was formed from oxygen under the influence of the sun's 
ultra-violet radiation of wave-length about 1600 A., but the results of the 
present observations make it almost certain that this is not the chief cause of 
the formation of ozone. We find that the maximum ozone values are associated 
with air-currents which—at any rate in the troposphere—have recently come 
from the Arctic, and this is particularly marked in the spring, when the Arctic 
has been without sunlight for several months. In the same way the smallest 
ozone values are associated with tropical air-currents in the troposphere. We 
do not know what the air-currents are at the height of the ozone, but unless 
we suppose that they are generally in the opposite direction to those in the 

2 i 2 
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troposphere, the observations will not support the hypothesis that the ozone 
is chiefly formed by sunshine. Again, the Abisko and Lerwick observations 
show very high ozone values in the spring but low values in the autumn, while 
the results from Chile and our new stations in the Tropics show low ozone 
values there—probably at all seasons. 

It is more in accordance with the observations to suppose that the ozone is 
formed by some other cause and that the effect of sunlight is mainly to decom¬ 
pose the ozone already present. It is known that while ozone is formed by 
radiation of wave-length about 1600 A. it is decomposed by longer wave¬ 
lengths. When both wave-lengths are present there will be an equilibrium 
between these two effects, but it is not possible at present to say what the 
equilibrium quantity of ozone would be. 

The following table shows the times required for ozone to decrease to half 
its value by the normal thermal decomposition.* The velocity constant of 
the reaction at the very low concentrations found in the atmosphere may be 
rather inaccurate, but it is sufficient to show the order of the times required. 
In calculating the table it is assumed that 3 mm. of pure ozone is contained in 
a layer of air 10 km. thick, which is probably too high a concentration, making 
the times too small. 

Times for Atmospheric Ozone to fall to Half Value. 

Temperature. 473° a 423° a 373 J a 323° a 273° a 

Time . 30 hours 30 days 4J years 730 years 10* years 

It is clear that the natural decomposition of ozone may be neglected. There 
may, however, be other reactions causing the decomposition of ozone such 
as combination with hydrogen, CH 4 , etc., which may exist in the upper 
atmosphere. 

The only way in which we could reconcile the observed high ozone con¬ 
centration in the Arctic in spring and the low concentration within the Tropics, 
with the hypothesis that the ozone is formed by the action of sunlight, would 
be to suppose a general slow poleward drift in the highest atmosphere with a 
slow descent of air near the Pole. Such a current would carry ozone formed in 
low latitudes to the Pole and concentrate it there. If this were the case the 
ozone at the Poles should be distributed through a moderate depth of atmo¬ 
sphere while that in low latitudes would be all high up. While wo have no 
* See 4 Kinetics of Gaseous Reactions/ Hinshelwood. 
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information about the height of the ozone except in temperate regions, the 
fact that the average height on days with much ozone appears to be greater 
than that on days with little ozone indicates that there is not the difference of 
height that would be expected. 

The fact that the average ozone value found soon aftor sunrise is nearly 
equal to that a little before sunset indicates that the decomposition of ozone by 
sunlight is very slow, the change in one day being hardly detectable. Against 
this view is the result of M. Ohalonges* preliminary determinations of the 
amount of ozone at night using moonlight, which indicate a greater amount 
of ozone by nigbt than by day. If this result is confirmed it will be necessary 
to suppose that the ozone value drops very rapidly about sunrise to its day¬ 
time values, and then remains constant through the day. 

The suggestion that the chief effect of sunlight is to reduce the amount of 
ozone, is in agreement with the rapid fall in the amount of ozone which occurs 
at Abisko about May. This is the time when the total amount of sunlight 
received per day in the Arctic is rapidly increasing. (At midsummer the out¬ 
side of the polar atmosphere receives more solar energy than any other part 
of the world.) The height of the aurora is from 100 km. up to 500 km. or 
more, and is certainly much above the average height of the ozone, while the 
sinking of the ozone through the atmosphere is extremely slow, but Prof. 
Lindemann has suggested that there may be actions requiring a smaller electric 
field taking place lower clown, whereby ozone is formed. 

Provisional Results of New Observations.— The following provisional monthly 
mean values from the new series of observations may be of interest as giving 
some rough idea of the distribution of the ozone in different parte of the world. 


Table IX. 



August. 

Month, 1928. 

Soptombi.T. 

October. 

Table Mt., California. 

219 

i 

210 


Helwan, Egypt . 

Kodaikanal, S. India . 

— 

(210) 

— 

— 

205 

(203) 

Christchurch, New Zealand . 


298 to 395* 

(295 to 555*) 


* Very variable. 

* 


* * C. voL 186, p. 1856 (1928). 
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Some Adsorption Isothermals for a Plane Platinum Surface. 

By William George Palmer, Fellow of St. John's College, Cambridge, 

(Comtnimirated by Sir William Pope, F. IPS.—Received October 33, 1928.) 

Quantitative experiments to establish the isothermals of adsorption on non- 
porous surfaces have only rarely been undertaken, owing mainly, no doubt, 
to the obvious difficulty of measuring the small absolute adsorptions on 
surfaces of manageable size. Yet it can well be held that many, if not all, of 
the uncertainties still attaching to the mechanism of adsorption and the 
constitution of the adsorption layer depend not upon any inherent complexity 
in the process itself, but upon the complicated geometrical and chemical con* 
ditions existing in the, accessible surfaces of the porous materials, such as 
charcoal, that have so often been the sub ject of study. Moreover, it is by no 
means easy to determine in many eases what parts of the total “ sorption ” 
sire due to adsorption, solid solution, or even chemical combination. MeBain* 
has emphasised the sensitiveness of t he course of adsorption to the progressive 
removal of chemical heterogeneity from a porous surface. 

Some applications of the electric coherer to adsorption problems have been 
described in former communications ;f it may perhaps be appropriate to recall 
the main advantages that the method appears to possess over the more direct 
technique in common use ; («) the adsorption takes place on the non-porous 
and chemically homogeneous surface of a line metal filament, that can be 
submitted to heat treatment electrically with great ease ; (b) there is an 
immediate and direct test of the “ bareness ” of the surface, quite independently 
of the subsequent adsorption experiments ; (c) from the nature of the technique 
only true surface films play any part in the measurements. The principal 
disadvantage is that the adsorbed amount is measured by the critical cohering 
voltage instead of directly, but this difficulty can be surmounted in the follow¬ 
ing way. 

It has previously been shown}: that a pure paraffin hydrocarbon of less than 
5 carbon atojps in its chain forms on platinum a film so loosely held that the 
cohering voltage is practically zero. Consider, in the light of the simple theory 

* * Nature/ vol. 117, p. 550 (1926). 

t 1 Roy, Soo. Proc./ A, vol, 106, p. 55 (1924), vol. 110, p. 333 (1926), and vol. 115, p. 
227 (1927). 

} ‘ Roy. Soc, Proc./ A. vol. 115, p. 234 (1927). 
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formerly put forward,* a “ dilute ” film formed by adsorption from a dilute 
solution of an adsorbablc substance B in such a hydrocarbon. If II is the 
heat of adsorption per gram-molecule of the substance B 

H — (& - 1) E 2 A/72 x 10 4 x 7 t d, 

where k is the dielectric constant of the film, E the cohering voltage, 2d the 
thickness of the film (in centimetres), and A the area in square centimetres 
occupied on the surface by a gram-molecule of B. If the film is sufficiently 
dilute, its dielectric constant will not differ materially from that of the pure 
hydrocarbon, and 11 will also be constant while the molecules of B are well 
separated by the diluent. Hence we may write 

A — constant /E 2 . 

A^N Jn t where N is Avogadro’s number, and n the number of adsorbed 
molecules per unit area. Finally 

n = constant x E 2 (1) 

The method so suggested is really equivalent to investigating the adsorption 
of a gas or vapour at varying pressures, without the troublesome technique 
of handling the vapour directly. The values of E for saturated films of the 
substances investigated have already been given,! so that by observing the 
relations of E in the present work to these maximum possible values it was 
possible to be certain bow far the films could In? considered dilute in the sense 
indicated above. 

The coherer used differed only slightly in design from that previously 
described for use with liquids (loc. cit.). The filaments were mounted on 
platinum leads at both ends (inset, fig. 1), thus rendering them less fragile, 
and giving an easier means of heating electrically by the two separate con¬ 
nections for each filament. After placing in the coherer, new filaments were 
first heated at low redness in flowing dry air for some hours, and then in pure 
dry nitrogen for a further period, the tubes a and b being used for the gas 
stream; the mercury trap prevents the gas passing to the left-hand bulb. 
The heating current was then discontinued, and the filaments tested for a 
film. It is desirable to clean new filaments in an air ourrent at temperatures 
not above low redness, rather than in pure oxygen or in air at higher tempera¬ 
tures, to avoid rendering the filaments very fragile and undoubtedly roughen¬ 
ing their surfaces, a condition always leading to irregular results afterwards. 
* ‘ Roy. Soe. Proe.,’ A, rol. 106, p. 55 (1926). 
t 1 Roy. Soc. Proc.,’ A, vol. 115, p. 227 (1927). 
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No lubricant was used in the ground joints d and e s nor at any other point 
in the coherer. 



Fig. 1. 


The selection of a suitable hydrocarbon to act as diluent at first presented 
some difficulty. Commercial pure pentane persistently gave a cohering 
voltage of about 0*5, even after careful drying and re-distillation. A petrol 
boiling from 40° to 60° was shaken for 2 days with saturated alkaline per¬ 
manganate solution, washed and dried over sodium wire. A fraction of the 
product boiling from 40° to 44° (density =0*640) gave a film only with 
difficulty, and a cohering voltage not greater than 0 * 2. The fraction so obtained 
was used as diluent in all the experiments, and no great difficulty was experi¬ 
enced owing to its volatility. The substances benzene, ethyl alcohol and acetic 
acid were chosen as adsorptives, as they are chemically representative, and 
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easily obtained pure. Commercial pure benzene was freed from thiophene by 
boiling with aqueous mercuric acetate,* * * § and finally dried over sodium and 
frozen out several times. Ethyl alcohol was dried over fresh lime and re¬ 
distilled. Acetic acid of the quality used for eryoscopic purposes was purified 
by freezing. 

When the filaments, still in nitrogen, could not be “ tapped off,” and were 
therefore clean, 30 c.cs. of the hydrocarbon were poured into the bulb A and 
forced round into B by attaching the nitrogen supply to /. The filaments 
were then again brought into contact by turning in the joints, and a low voltage 
confirmed. The electrical arrangements were exactly as described in former 
work.f A weighed quantity of benzene, or of dilute solutions of alcohol or 
acetic acid in the hydrocarbon, was now introduced into A from a pyknometer 
with a long outlet tube. By closing a and attaching the nitrogen supply to 5, 
the hydrocarbon in B could be forced back into A, and there mixed with the 
adsorptive by bubbling, and the solution passed back to B. The filaments 
were thus exposed only to nitrogen during the mixing. The cohering voltage 
was now obtained, and again half-an-hour later, but in no case was there any 
change with time, showing that the hydrocarbon was not effectively competing 
with the adsorptive on the platinum surface. At the close of a series of 
experiments, the contents of the coherer were withdrawn by means of the side 
tube g } and, after washing out the coherer with small quantities of the hydro¬ 
carbon, a fresh supply was placed in B, the filaments not being treated in any 
further way. In all cases a low voltage was immediately recovered, indicating 
that no irreversible change had occurred during the experiments. 

In the following tables the observed values of W are shown in column 2, 
and the corresponding concentration of adsorptive in the solution in column 1. 
These concentrations are expressed in millimols (gram-molecules x 10~ 3 ) per 
100 grams of the hydrocarbon solvent. The degree of association of ethyl 
alcohol in benzene solution is negligible below concentrations of 0*5 gram per 
100 grams of benzene^:; that of acetic acid is negligible below about 0*25 
gram per 100 grams of benzene.jj The maximum significant amounts (see 
Tables II below) contained in a volume of the hydrocarbon equal to that of 
100 grams of benzene are found to be 0* 103 gram, and 0*090 gram of alcohol 
and acetic acid respectively. Both of these values are well below the above 

* Dimroth, * Ber. deutsch, ohem. (lea./ vol. 32, p. 759 (1899). 

t 1 Roy. Soc. Proo.,' A, vol. 106, p. 65 (1924). 

X W. E. 8. Turner, “ Molecular Association,” p. 34. 

§ Beckmann, ‘ Z. pbyn. Chem., 1 vol. 92, p. 421 (1917). 
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limits of practical normality in benzene, and it can fairly be assumed that tlie 
course of association will be very similar iti the two hydrocarbons. Hence in 
(mandating concentrations in the tables, the molecular weights of ethyl alcohol 
and acetic acid have been taken as 16 and 60 respecti vely. 

Tables JL 

Hen sene, 

Pure benzem*. added to the coherer. 


(Jnnccntmtion . 0*6 4 0 18 25 21 45 60 

W . (1-511 1-00 1-22 1*90 1 - 82 1-80 1*85 1-93 


Ethyl A Iv.ohol, 

(c) Solution added to coherer contained 0*42 grain of alcohol in 16*8 grams of hydrocarbon. 


(Vincent ration . 0*22 102 1*45 2*00 2*55 

W . 1-24 2*32 2*25 4*00 5*20 

(b) Solution added to coherer contained 2*71 grama of alcohol in 21 *7 grama of hydrocarbon. 

(Joiicentration . 2*55 4*60 5*90 7*25 

E-... 0*00 0*80 10*00 10*00 

Acetic Acid. 

Solution added to coherer contained 0 *45 gram of acid in 21*79 grama of hydrocarbon. 
Concentration 0*228 0*52 0*71 0*885 1*08 1*40 1*59 1*78 2*45 

K*. 1*44 2*25 2*90 3*00 4*40 5*62 0*25 7*05 7-02 


The figures for ethyl alcohol are ahown graphically in iig. 2. 



Fkj. 2.—Ethyl Alcohol. 

For adsorption, either from a gas phase or from solution, on porous materials 
such as charcoal, the empirical expression 

a = bc Vn 


(2) 
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has been found very generally to represent the relations between the external 
concentration or pressure c , and the adsorbed amount a, this being usually 
calculated for 1 gram of adsorbent* Although b and n remain fairly constant 
under constant physical conditions, both are functions of the temperature. 
In the adsorption of gases, n approaches an upper limit with rise of temperature, 
and it appears that this value remains constant at all temperatures greater 
than approximately twice the critical temperature of the gas concerned.* 

On the other hand, Langmuir has on very simple theoretical grounds pro¬ 
posed a formula 

a » a® (pc 1(1 + pc)) , (3) 

where a® is the amount adsorbed when c is very large, that is the amount at 
saturation of the surface; and p is a constant representing the average “life” 
of a molecule of adsorptive in the film.f Unfortunately it appears that this 
expression has never been tested experimentally under ordinary conditions of 
temperature and concentration. Such a test is difficult to carry out by direct 
means, since the above formula applies in its simplest form only to plane 
surfaces. 

Langmuir himself showed that the expression accurately described the 
adsorption of nitrogen, methane, carbon monoxide, argon and oxygen on 
plane surfaces of mica at the low pressures 0 • 00015 — 0*01 cm. of mercury, and 
at 90° absolute. The expression should also apply to adsorption on plane 
surfaces from solutions, provided these are dilute so that the adsorption of the 
solvent remains practically constant. H. von EulerJ investigated the adsorp¬ 
tion of silver ions from an aqueous solution of silver nitrate on a plane gold 
surface ; the following data are read from his adsorption curve :— 


Concentration c. 

(millimolu per litre). 

a. 

c/a. 

5 0 

i 

2*86 

2*1 

7-5 

3*35 

2*25 

10*0 

4*0 

2*5 

12*5 

4*6 

2*77 

150 

4*75 

315 

17*5 

4*9 

_____! 

3-55 


If the above values of eja are plotted against the corresponding values of c, 
an accurately straight line results. Now formula (2) can be rewritten 

c/a 1/pa® + c/a®, (4) 

♦ For discussion, see Freundlioh, “ Kapill&rchemie,” p. 150 (1923), ei seq. 
f * J. Amer. Chem. Boo./ vol. 38, p. 2221 (1916), voL 40, p. 1361 (1918). 

% * Z. Elektrochemie/ vol. 28, p. 446 (1922). 
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and hence, when c/a is found to be a linear function of c the expression (2) is 


proved valid. 

Tables II. 


Acetic Acid. 


c. 

Jw/( 1 + pc) 

(P — 0-15). 

E*obs. 

ajy 

(equation (4) ), 

d log ~K*/d log c. 

0*3 

1 

0*043 

1*00 

23 

0*72 

0*4 

0-OS«5 

1 - 70 

30 

0*76 

0*5 

0 070 

2*05 

29 

0*95 

0*8 

0*107 

3*24 

30 

1*00 

10 

0*330 

4*00 

31 


1*2 

0-162 

4*93 

32 

0*90 

1*4 

0*174 

5*65 

32*6 


1*0 

0*194 

6-36 

32 

0*80 

1*8 

0*213 | 

6*9 

32*5 


2*0 

0*230 

! 

7*29 

31 

0*50 



Ethyl Alcohol. 




pri(l 4 - pc) 

(p *» 0*09). 

KW 

a mly 

(equation (4)). 

d log K*/d! log c. 

0*6 

0*0475 

1*20 

25 

0*50 

1*0 

0*0910 

2*10 

23 

1*00 

1*5 

0*130 

3*25 

25 

100 

2*0 

0*167 

4*24 

25*5 

0*85 

3*0 

0*230 

5*58 

24 

0*55 

40 

0*286 

6*48 

23 


5-0 

0*334 

7*00 

21 



Benzene . 


c. | 

| 

p»H l + pc) \ 
(j»«0-17). ! 

EW 

a Jv- 

(equation (4)). 

rf log Wjd log c. 

1*0 

0*106 

0*60 

(3-5) 

0*2 

3-0 

0*375 

0*85 

2*25 

0*35 

5*0 

0*500 

1*05 

2*10 

0*41 

7*6 

0*600 

1*25 

2*16 

0*46 

10*0 

0*080 

1*40 

2*12 

0*50 

12*5 

0*716 

1*56 

2*20 

0*54 

15*0 j 

0*750 

1-70 

1 

2*25 

0*36 


The graphical relations of log c and 2 log E for benzene are shown in fig. 3, 
simple integral values of o being taken on the’ experimental curve for con¬ 
venience in this and further calculations. The values of d log Efijd log c 
obtained from curves by construction are assembled in columns 5 of the 
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above tables. It is at once seen that no exponential expression such as formula 
(I) can interpret the relations of c and a. It is of some interest that the results 



of H. H. Lowry and iS. 0 . Morgan* on the adsorption of nitrogen at 0°, and of 
hydrogen at —192'' on the ehemieally pure porous adsorbent graphite, lead to 
similar curves for the relation of log a and log e, although the variation of the 
ratio of these quantities is not so wide in this ease. 



Remembering that E a is proportional to a (equation (1) above) we shall have 
from Langmuir's formula 

yB* *= a« (pc11 -f- pc) 


or 


c/E a = y/pa® -I- c-f/a-cc (y constant). 

* ‘ J. phys. Choni.,' vol. 29, p. 1105 (1928). 


( 6 ) 
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Ou plotting <;/E 2 against c, straight lines are obtained, of which a specimen (for 
benzene) is shown in fig. 4. From these lines the following values of p are 
obtained by determining the ratio slope of line/intercept on c/E 2 axis :— 

Values of p at 20° C. Critical temperature. 


Ethyl alcohol . 0*09 234° 

Acetic acid . 0*15 321° 

Benzene . 0*18 280° 


We may compare these values with those obtained by Langmuir* for gases 
on mica under the corresponding condition that the “ reduced ” temperature 
of the observations is approximately 4. 

Values of p at —183° C. 


Methane . 0*10 

Nitrogen . 0*08 

Oxygen . 0*08 


In colttmns 2 of Table II will be found the calculated values of the expression 
pcj(\ + pc ); and in columns 3 the figures obtained by dividing this into the 
corresponding value of E 2 ; reference to equation (4) shows that these figures 
should all equal a<*/y, a constant quantity for any one adsorptive. It will be 
seen that the constancy is very satisfactory over a range of external concen¬ 
tration of as much as five or six times. It may, therefore, be concluded that 
Langmuir’s expression is the correct adsorption isothermal for the adsorption 
of vapours as dilute films on plane surfaces ; and if we take into account von 
Euler’s experiments, it appears that it may also be extended to include the 
adsorption of ions from aqueous solution. 

The similarity in the values of p for the three adsorptives indicates that the 
" lives ” of the adsorbed molecules on the surface are not very different in 
the three cases, On the other hand, the value of a»/y for benzene is only 
about one-tenth of its value for the other two adsorptives. Unfortunately, 
it is not possible to evaluate exactly the constant y, which depends principally 
on the heat of adsorption and the dimensions of the adsorbed molecule (see 
equation (1)). The electrical method allows the heat of adsorption to be 
determined only when the film is complete, as it probably is when the surface 
is saturated with ethyl alcohol or acetic acid, but the film of benzene is certainly 
not so, even when the surface is actually immersed in pure liquid benzene.f 
* Loc. cit. supra, 

t 4 Boy. Soo. Proo./ A, vol, 115, p. 234 (1027). 









496 Adsorption Isothermals for a Plane Platinum Surface* 

We may, however, feel reasonably confident that y has the same order of 
magnitude in all three cases, and thus attribute the difference in a»/y mainly 
to variation in a®. Now a* measures the surface apparently available for 
adsorption, and one explanation of the low value for benzene is that this 
substance can only be attached to the surface in specialised areas, while prac¬ 
tically the whole surface is open to the other adsorptives. While such special¬ 
ised areas arc easily pictured on a porous surface, and have been recently 
much discussed,* Masted,! in an extended and detailed investigation of the 
44 poisoning ” of finely divided platinum and palladium by a wide range of sub¬ 
stances, has demonstrated that the poisoning effect, both in adsorption and in 
catalysis, is accurately proportional to the amount of poison added, 
thus definitely disproving the existence of selective areas on these materials. 
In any case, the existence of such areas on the annealed surface of a metal must, 
on general grounds, be held doubtful. 

We may avoid this hypothesis ad hoc by adopting the converse view that, 
while all the surface is available for the adsorption of benzene molecules, only 
a small fraction of the molecules arriving from the external phase at the surface 
are in a state to be adsorbed. These will be molecules in a specially active, 
and electrically “ open ” state, probably as the result of exceptionally violent 
intermolecular collisions. These special molecules arc, in fact, temporarily 
polar and resemble the normal molecules of permanently polar substances, 
such as the alcohols and fatty acids. The adsorption of these temporarily 
polar molecules abnormally prolongs their activity. The usefulness of this 
view in its relation to the mechanism of catalysis has already been suggested,! 
and depends on the obvious fact that a prolongation of the lives of existing 
active molecules means an increased chance of chemical action, and hence is 
equivalent to an increase in the number of active molecules of normal life. 
Once adsorption has occurred, the motion of the parts of the adsorbed molecules 
and that of the adsorbing molecules or atoms will mutually influence each other, 
and the chemical result of this mutual influence will be specific for both the 
adsorptive and the adsorbent or catalyst. 


* See, for example, Taylor, k Roy. Soc. Proc.,’ A, voJ. 108, p. 106 (1926), and vol. 113, 
p. 77 (1927). 

f ‘ J. Chem, Soc.,’ T, p. 1060 (1919); pp. 1280, 1601 (1920); p. 226 (1921); p, 17*0 
(1922). 

t 4 Boy. Soc. Proo.,’ A, vol. 116, p. 234 (1927). 
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Studies of Gas-Solid Equilibria. 

Summary. 

(1) The method of the electric coherer has been employed to determine the 
adsorption isothermals of some typical substances on a plane platinum surface. 

(2) The results confirm Langmuir’s formula. 

(3) The variation in the apparent area available for the adsorption of different 
substances is discussed in relation to the mechanism of adsorption and catalytic 
action. 


Studies of Gas-Solid Equilibria.—Part II. Pressure-concentra¬ 
tion Equilibria between Benzene and (a) Ferric Oxide Gel, 
(b) Silica Gel, directly determined under Isothermal 
Conditions. 

By Bertram Lambert, M.A., D.Sc., Fellow of Merton College, Oxford, and 
Arthur M. Clark, B.A., Merton College, Oxford. 

(Communicated by F. Soddy, F.R.8.— Received November 5, 1928.) 

In Part I of this work* the pressure-temperature equilibria between these 
same substances were accurately determined in a number of sealed systems 
of known and unalterable composition; pressure-concentration isothermals 
derived from these measurements indicated that there was a profound difference 
between the adsorptive processes of the analogous ferric oxide and silica gels. 

In this Part of the work the pressure-concentration equilibria of the same 
systems (using specimens from the same batches of the gels) have been investi¬ 
gated under isothermal conditions and with known concentrations of benzene 
varying from zero up to saturation. The effects, on known weights of the gels. 
Of the isothermal addition and the isothermal withdrawal of known quantities 
of benzene have been determined and “ ascending ” and “ descending ,r 
pressure-concentration isothermals have been drawn from these direct measure¬ 
ments. 

The existence of a profound difference between the adsorptive processes ol 
these two analogous gels, for benzene, has been fully confirmed. 

The experimental procedure adopted in this Part of the work may be sum¬ 
marised as follows 

* ‘ Roy. Boo. Proc.,’ voL 117, A, p. 183 (1927). 

2 K 


VOIc OXXll.—A. 
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An accurately known weight (in vacuo) of an activated gel was placed in an 
all-glass, sealed apparatus consisting of four parts :— 

(i) The reaction system —a tube, containing the gel, attached to an evacuated 

mercury manometer—which was contained in a vapour bath and main¬ 
tained at a constant temperature. 

(ii) The calibrated benzene reservoir for the storage and accurate measurement 
of the benzene to be added to and withdrawn from the reaction system* 

(iii) The steam-jacketed, mercury-actuated “ cut-off” for opening and closing 
the connection between the reaction system and the benzene reservoir. 

(iv) The benzene supply system for distilling pure benzene, in vacuo , into the 
calibrated benzene reservoir, at the appropriate time ; this was only 
a temporary portion of the apparatus and it was sealed off after use. 

The whole apparatus, with the “ cut-off ” in the open position, was very 
thoroughly evacuated. The connection between the reaction system and the 
benzene reservoir was then closed, by means of the “ cut-off ” and pure benzene 
distilled into the benzene reservoir. After sealing off the benzene supply 
system from the benzene reservoir, the latter was surrounded by a water 
jacket, of known temperature and the exact volume of the contained benzene 
read off; from the known volume and temperature of the benzene its exact 
weight could be calculated. 

Connection between the benzene reservoir and the reaction system (which 
was maintained throughout at a chosen constant temperature) was now opened 
through the steam-jacketed “ cut-off ” and benzene transferred to the reaction 
system ; the exact quantity of benzene transferred in such an operation could 
be determined by. closing the “ cut-off " and making a reading of the benzene 
level in the calibrated benzene reservoir. 

After sufficient time had elapsed for the reaction system to reach a state of 
equilibrium, the equilibrium pressure of benzene vapour was read off directly 
on the attached manometer ; this pressure was corrected to express the true 
benzene vapour pressure in centimetres of mercury at 0° C. 

Successive determined quantities of benzene were similarly added to the 
reaction system and the corresponding equilibrium pressures of benzene vapour 
obtained until the gel was saturated, when the pressure in the reaction system 
was identical with that of pure benzene at the particular temperature. 

Equilibrium pressures were thus obtained between a known weight of gel, 
maintained at a constant temperature, and known (and gradually increasing) 
weights of benzene. By plotting these * equilibrium pressures against the 
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concentrations of benzene (expressed as grams of benzene per gram of gel), 
an “ ascending ” pressure-concentration' isothermal was obtained. 

Known quantities of benzene were then successively withdrawn from the 
saturated system which was maintained throughout at a constant temperature; 
points were thus obtained for the plotting of a corresponding “ descending ” 
pressure-concentration isothermal. 

It was found possible to make direct and accurate determinations of the 
equilibrium pressures between benzene vapour and a solid adsorbent under 
strictly isothermal conditions (using different temperatures) and covering the 
whole range of concentrations possible in such a system. “ Ascending ” and 
“ descending ” isothermals could be constructed from direct measurements 
and the reversibility of the equilibrium pressures could be satisfactorily 
investigated. 

The apparatus used in the work is shown in fig. 1 and is conveniently 
described under four headings, as indicated above. 

(i) The Reaction System. 

An accurately known weight (in vacuo) of the activated gel, in the form of 
fine granules, was placed in a bulb A, of about 12 c.c. capacity, which was 
sealed to an evacuated mercury manometer B, made from tubing of 5 mm. 
bore and long enough to register pressures up to 1 atmosphere. This con¬ 
stituted the reaction system which was connected with the rest of the apparatus 
through a capillary tube C, of 1 ■ 5 mm. bore. 

This reaction system was contained in a constant temperature vapour bath 
D, the connecting tube C passing through the bung which closed the open end 
of the vapour bath; the bung also carried a tube containing mercury in which 
the bulb of an accurate thermometer was immersed and a condenser E, 
connecting to a manostat device for maintaining a constant pressure inside 
the vapour bath. 

The constant temperature vapour bath consisted essentially of a closed 
cylindrical glass vessel D of length 120 cms. and diameter 6 cms. It was 
screened, along its whole length, by a polished sleeve of sheet aluminium in 
which slits were out for the illumination and reading of the manometer. The 
bath could be maintained at any chosen temperature (within the range 30° C. 
to 70° C.) throughout its whole length, by the steady boiling, inside it, of pure 
aloohol at the appropriate constant controlled pressure. The temperature 
registered by the thermometer t v at the top of the vapour bath, was identical 
with that shown by a second thermometer t, attached to the gel tube; and 

2 K 2 
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this temperature could be maintained constant to one-twentieth of a 
degree. * 

The details of (1) the construction and working of the constant temperature 



vapour bath ; (2) the experimental procedure for obtaining an accurately 
known weight (in vacuo) of an activated gel; and (S) the construction of a 
reliable evaouated mercury manometer, are fully described in Part I (Joe. oU.) 
and need not be repeated here. 
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(ii) The Calibrated Benzene Reservoir . 

This consisted of a graduated tube F, which was carefully calibrated by the 
weighed mercury method and which could be read, by means of a cathetomefcer 
<with scale in the eyepiece), to 0*0025 c.c. 

After benzene had been distilled into this reservoir (see later), it was sur¬ 
rounded by a glass jacket G, through which water, at a constant temperature, 
was made to flow for some time before a reading was taken; the accurate 
thermometer attached to the reservoir, served to check this temperature. 
From the known volume and temperature of the benzene contained in the 
reservoir, the exact weight could be determined at any time. 

The benzene reservoir F, was connected, by means of a capillary tube J 
iof bore 1*5 mm.) to the “ cut-off ” and thence to the reaction system. It was 
filled with pure benzene, at the appropriate time, by distillation (in vaoffo) 
through the constricted side-tube H, which was then sealed off close to the 
reservoir. 

(iii) The Steam-jacketed Mercury -actuated “ Cut-off” 

The provision of a satisfactory connecting link—capable of being easily and 
effectively opened and closed—between the benzene reservoir and the reaction 
system, was essential to the success of the experiments. Stopcocks were 
obviously inadmissible and, after many trials, a steam-jacketed, meroury- 
actuated “ cut-off ” was devised to meet the peculiar requirements of the case. 

The “ cut-off ” was essentially a long-limbed U-tube (of length 120 om.) 
made from capillary tubing of the same bore aB the tubes J and K, which 
connected it with the benzene reservoir and the reaction system respectively. 
Sealed in at the bottom was a shorter tube connecting it, through the bulb M 
with a mercury reservoir N, which was closed from the air by a three-way 
stopcock O. The internal diameter of the “cut-off ” was widened to 5 mm. 
at the U-bend and also near the top of the two long limbs, as shown in the 
figure. 

Connection between the benzene reservoir and the reaction system was 
closed by pushing the mercury from N into the long limbs of the “ cut-off ” 
and opened by withdrawing the mercury to a position below the U-bend ; 
these operations were carried out by the compression and rarefaction, respec¬ 
tively, of the air enclosed above the mercury in N. In closing the " cut-off ** 
the mercury was always brought to the same level in the arm next to the reaction 
system. 

In order to prevent the possibility of benzene condensing at any point in 
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the connecting link between the benzene reservoir and the reaction system 
it was necessary to maintain the whole of it at a temperature higher than the 
boiling point of benzene. The “ cut-off ” was surrounded by a wide tube I\ 
through which steam was blown during the whole course of an experiment. 
The short lengths of capillary tubing J and K, connecting the limbs of the 
“ cut-off ” with the benzene reservoir and the reaction system, were heated 
electrically; they were covered with asbestos and wound with resistance 
wire (as shown for one of them, K, in the figure) through which the main 
current was passed in series with a rheostat. 

In the early trial experiments, the “ cut-off ” was made entirely of capillary 
tubing, but difficulties were experienced owing to small drops of mercury 
separating from the main column during the introduction and withdrawal of 
mercury. This difficulty was successfully overcome by widening parts of the 
u cut-off ” as mentioned above, and by temporarily adjusting the temperature 
of the benzene reservoir, before opening the “ cut-off,” so that the pressures 
in the reservoir and the reaction system did not differ by more than 2 cms. 

This “ cut-off ” constituted a very successful connecting link between the 
calibrated benzene reservoir and the reaction system. When closed, it 
effectively sealed the connection between them and, when open, it allowed of 
the ready passage of benzene vapour from one to the other in either direction. 
It was effectively sealed from the air and could not therefore introduce any 
impurity into the system. Since the whole of it was maintained at a temperature 
higher than the boiling point of benzene, condensation of benzene was pre¬ 
vented at any point between the benzene reservoir and the reaction system. 
The dosing and opening of the connecting link could be carried out smoothly 
and easily at any time required. 

(iv) The Benzene. Supply Systevn. 

Provision had to be made for the thorough evacuation of the apparatus and, 
after dosing the connection between the reaction system and the calibrated 
benzene reservoir, for the filling of the latter with pure benzene. This operation 
involved the distillation of benzene, in vacuo , from a supply system attached 
to the benzene reservoir and capable of being sealed off from it after use* The 
benzene supply system is shown connected with the benzene reservoir by means 
of the constricted side-tube H; the figure also shows how the whole sealed 
apparatus is connected with the mercury pump, drying tubes, etc. through the 
constricted tube T. 

The sealed tube Q, with capillary point on which a fine scratch was made, 
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contained pure benzene (in mono); it rested in a closed limb of a wide tube R, 
as shown in the figure. Lying in the horizontal part of R, and capable of being 
moved by the use of a magnet, was a heavy “ bullet ” S, made by sealing a 
soft iron cylinder inside a silica tube. 

After the whole apparatus had been thoroughly evacuated and sealed off 
from the mercury pump at the constriction T, the connection between the 
reaction system and the benzene reservoir was closed and the capillary point 
of the sealed tube Q broken off by causing the heavy bullet S to fall upon it. 
The benzene contained in Q could then be distilled into the benzene reservoir 
F and the benzene supply system sealed off at the constriction H. 

Details of the purification of the benzene and distillation, in vacuo , into Q, 
are given in Part I. 

The apparatus shown in the figure, and described above, was sealed to an 
automatic mercury pump in series with a large drying tube containing pure 
phosphorus pentoxide and a bulb containing 50 c.c. of highly active nut-shell 
charcoal granules. 

Evacuation was carried out continuously for over 70 hours. During this 
time the reaction system was maintained at about 130° C. by boiling amyl 
alcohol in the jacket I) surrounding it; steam was blown through the jacket 
P surrounding the “cut-off” and the mercury contained in the “cut-off” 
was raised and lowered many time's in order to remove from it all traces of 
dissolved air; the tubes J and K, connecting the “ cut-off ” to the benzene 
reservoir and the reaction system, were electrically heated ; the bulb con¬ 
taining active charcoal w as heated by means of a steam jacket and the benzene 
reservoir and tubes connecting to the mercury pump were heated, from time 
to time, by means of a soft blow-pipe flame. 

In order finally to “ freeze out ” any remaining traces of gases from the 
whole apparatus, the bulb containing active charcoal was allowed to cool and 
then immersed in liquid air, this cooling being maintained continuously for 
48 hours while the rest of the apparatus was heated as described above. The 
constriction at T was then sealed. 

The connection between the reaction system and the benzene reservoir was 
now closed by raising the mercury in the heated “ cut-off ” and benzene was 
distilled from the supply system to the calibrated benzene reservoir F, as 
described above, after which operation the benzene supply system was sealed 
of! at the constriction H. 

the amyl alcohol was carefully washed out from the vapour bath D, sur¬ 
rounding the reaction system, and replaced by pure ethyl alcohol which was 
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made to boil (at a constant, controlled pressure) so as to maintain the 
reaction system at the constant temperature decided upon ; this temperature 
was subsequently maintained unaltered during the whole course of an 
experiment. 

The tubes J and K, connecting the benzene reservoir and the reaction system 
to the 4< cut-off ” were electrically heated and steam was blown through the 
jacket P surrounding the “ cut-off ” ; the heating of these parts was main- 
tained throughout the whole subsequent course of an experiment. 

The benzene reservoir was surrounded by the constant-temperature water 
jacket 6, and the benzene level read off ; from the known volume and tempera¬ 
ture of the benzene, its exact weight was determined. 

A sealed glass system was thus obtained comprising (i) a known weight of 
a gel in a bulb attached to an accurate evacuated mercury manometer—con¬ 
stituting a reaction system maintained at a constant temperature ; (ii) a known 
weight of pure benzene in an evacuated and calibrated reservoir ; (iii) a device 
for opening or closing the connection between (i) and (ii) and for transferring 
benzene vapour from one to the other, in either direction, without the possi¬ 
bility of the benzene vapour undergoing condensation outside (i) or (ii). 

When transferring benzene from the calibrated reservoir to the reaction 
system it was found necessary, for the smooth working of the apparatus, to 
have the vapour pressure on the reservoir side about 2 cm. higher than that on 
the side of the reaction system, and vice versa when benzene was to be trans¬ 
ferred in the opposite direction; the pressure differences between these two 
parts could be seen at any moment from the mercury levels in the two limbs 
of the ** cut-off.” The temperature of the reaction system could not be altered 
during the course of an experiment, but the necessary pressure-differenoe 
conditions could easily be obtained by a temporary adjustment of the tempera¬ 
ture of the benzene reservoir. After this operation, the constant-temperature 
water jacket G was replaced and left for a considerable time before new read¬ 
ings of the benzene level in the reservoir were taken. 

Accurately known quantities of benzene could thus be added to or withdrawn, 
from the reaction system under strictly isothermal conditions and by closing 
the “ cut-off ” and allowing the reaction system to settle down to a condition 
of equilibrium, the equilibrium pressure of benzene vapour could be read off 
after such additions or withdrawals. 

It was found possible to obtain equilibrium values up to the point when the 
gel was saturated at the particular temperature under investigation; and the 
reversibility of the system could be examined by a comparison of the 14 ascend- 
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ing ” and <f descending” pressure-concentration isothermals thus directly 
obtained* 

(o) The system ferric oxide gel-benzene .—The weight (in vacuo) of ferric 
oxide gel used was 9 1235 grams. The system was examined at three 
temperatures—40°, 50° and 60°—and the results are given in Tables A, B 
and C below. The equilibrium points are numbered in the order in which 
they were obtained. The benzene content of the gel is given throughout in 
grams of benzene per gram of gel and the pressures are expressed in centimetres 
of mercury at 0° C. The results are shown plotted in Graph L 

These isothermals representing the pressure-concentration equilibria between 
benzene and ferric oxide gel are of the type hitherto found to be associated 
with systems consisting of dehydrated gels and condensible vapours. 

The “ ascending ” and “ descending ” isothermals are definitely coincident 
over the lower ranges of benzene concentration ; they show great divergence 
(with the production, between them, of a hysteresis region) at intermediate 
benzene concentrations ; and, finally, they are again coincident over the 
very steep portions obtained when the benzene concentrations approach the 
saturation value for the gel. Over the intermediate benzene concentrations 
the “ descending ” isothermal is always markedly lower than the “ ascending M 
isothermal. Both “ ascending ” and “ descending ” isothermals were shown. 


Table A. -Temperature 40° C. 


No. 

l 

Concentration 

of 

benzene. 

' 

Press are. 

. 

No. 

i Concentration 
of 

benzene. 

1 

\ 

Pressure. 

1 

0*0152 

0*036 

19 

01261 

4-988 

2 

0*0353 

0*180 

20 

0-0988 

3 662 

3 

0*0558 

O'717 

21 

0*073) 

1-770 

4 

0 0718 

1-679 

22 

0*0955 

3*429 

5 

0 0885 

2*775 

23 

0*1373 

5*954 

0 

0-1182 

4*820 

24 

0*1810 

8-041 

7 

0-1487 

0*525 

25 

0*2090 

9-699 

8 

0-1725 

7-084 

26 

0*2260 j 

17-373 

0 

0*1892 

8*493 

27 

0-2246 

15-026 

10 

0-2099 

0*712 

28 

0*2185 

7-098 

11 

0*2267 

! 17*361 

29 

0*1804 

6*171 

12 

0*2203 

17*114 

SO 

0-1696 

6-842 

13 

0 2227 

12-291 

31 

0*1361 

| 6-456 

14 

0 2176 

7-181 

32 

0*1108 

4-447 

16 

0*2081 

6-478 

33 

0-1053 

4-106 

16 

0*1934 

6-385 

34 

0 0902 

3-070 

17 

18 

0*1680 

0*1488 

5-988 

5*647 

35 

__| 

0-0678 

1*457 


No*. HI- Mist “ ascending ” point*. Nos. 12-21—First « descending " points. 
Nos. 22-26— Second M ascending *’ points, Nos. 27 - 35 — Second “ descending ' potato. 
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Table B. —Temperature 50° C. 


No. 

Concentration 

of 

benzene. 

Pressure. 

. 

No, 

Concentration 

of 

benzene. 

Pressure. 

1 

0*0421 

0*401 

16 

0*2064 

10*674 

2 

0-0621 

1*787 

17 

0*1821 

9*730 

3 

0 0907 

4-954 

18 

0*1564 

0-326 

4 

01100 

7-080 

19 

0-1871 

8*861 

5 

0-1296 

8-720 

20 

0 1142 

7*374 

a 

0*1514 

1 10-441 

21 

0*0908 

4*950 

7 

0*1642 

11*379 

22 

0*1768 

12*120 

8 

0*1790 

12*421 

23 

0*1962 

13*863 

9 

0*1961 

13 737 

24 

0*2214 

19*985 . 

10 

0*2025 

14*409 

25 

0*2142 

12*148 

11 

0*2162 

16-698 

26 

0*1728 

9*713 

12 

0-2219 

19-795 

27 

0*1397 

0*062 

13 

0-2250 

24-305 

28 

0*0840 

' 4*203 

14 

0*2331 

27*079 

29 

0*0588 

1*461 

16 

0*2207 

17*959 > 

S 


1 


Nos. 1-14—First “ ascending ** points. Nos. 15-21*—First “ descending ,f points. 
Nos. 22-24-—Second " ascending ” point*. Nos. 25-29—Second “ descending*' joints. 


Table C.—Temperature 60° C. 



Concentration 

i 


Concentration 


No. 

of 

Pressure. 

No. 

of 

Pressure. 


benzene. 



benzene. 


\ 

0*0632 

2-279 

11 

0*2230 

27*694 

2 

0*0725 

3-559 

12 

0*2289 

37*603 

3 

0-0972 

7*964 

13 

0*2196 

22*072 

4 

0-1178 

11*172 

14 

0*2060 

10*007 

6 

0-1409 

14*103 

15 

0*1946 

16*537 

6 

0-1608 

15*380 

16 

0*1749 

16*163 

7 

0-1002 

17*033 

17 

0*1584 

14*720 

8 

0-1834 

18*862 

18 

0*1412 

13*843 

8 

0-2030 

21*274 

19 

0*1241 

12*100 

10 

0-2202 

25*001 

i 





Nos. 1-12 Ascending '* points. Nos. 13-19— 41 Descending ” points. 


at 40° and at 50 , to be definitely repeatable over the whole range of con¬ 
centrations. 

The saturation benzene concentration for the system was reached in the 
experiment carried out at 50°; and the fact that the pressure obtained 
(27*079 urn.) lay between the vapour pressure for pure benzene at 50° obtained 
by Young (26*897 cm.) and that obtained by Begnault (27*137 cm.) affords 
a proof of the purity of the gaseous phase and the accuracy of the experimental 
technique employed. 
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The time taken for equilibrium to be set up was very rapid over the whole 
range of concentrations when the “ ascending ” and “ descending ” isothermak 
coincided ; pressure became steady after half-an-hour (and thereafter showed 
no tendency to alter over long periods) whether determined after the addition 
■or after the withdrawal of benzene. Over these intermediate ranges of con¬ 
centration, when the “ ascending ” and " descending ” isothermak did not 
coincide, the time taken for equilibrium to l>e reached was longer, but 2 hours 
was usually sufficient for the equilibrium pressure to be reached on both the 
“ ascending ” and “ descending ” isothermals. 

It is interesting to note that the isothermak derived from the pressure tempera¬ 
ture curves determined in Part I (Zoc. cit.) correspond to the directly determined 
ascending isothermak. 

The results plotted on the “ ascending ,J isothermak in Graph I were obtained 
after successive additions of known quantities of benzene to the reaction 
system and those plotted on the “ descending ” isothermak were obtained 
after successive withdrawals of known quantities of benzene ; the temperature 
of the reaction system was maintained strictly at its chosen controlled value 
throughout the whole of these operations. 

Another experiment was carried out at 40° in order to study the effect of 
interruptions in the smooth addition or the smooth withdrawal of benzene. It 
was found that if, after an addition of benzene and the establishment of 
equilibrium on the “ ascending ” isothermal, a known quantity of benzene was 
withdrawn, the new equilibrium point fell exactly on the curve over those 
ranges of concentration where the “ ascending ” and “ descending ” isothermak 
coincided; but, over the intermediate range of benzene concentration where 
the “ ascending ” and <tf descending ” isothermak did not coincide, a new 
equilibrium point was obtained and this was always below the “ ascending " 
isothermal. Similarly if, after a withdrawal of benzene and the establishment 
of equilibrium on the “ descending ” isothermal, a known quantity of benzene 
was added, the new equilibrium point again fell on the curve over the ranges 
of concentration when the “ ascending ” and “ descending ” isothermak 
coincided; but, over the intermediate range of benzene concentrations, the 
new equilibrium point was always above the " descending " isothermal. 

By these interruptions of the smooth addition or withdrawal of benzene, it 
was possible to obtain equilibrium pressures within the hysteresis region 
between the “ ascending ” and “ descending ” isothermak. The “ ascending ” 
isothermal, obtained by smooth successive additions of benzene to the 
reaction system, set an upper limit to the equilibrium pressures just as the 
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corresponding “ descending ” isothermal set a lower limit to the equilibrium 
pressures. 

Further experiments were carried out to study the effect, on an established 
equilibrium pressure, of temporary alterations in the temperature of the 
system. The temperature was at one time raised to 78° and at another time 
reduced to room temperature and left overnight. Next day the system was 
restored to 40° and maintained at that temperature until equilibrium was 
attained. 

It was found that (1) over those ranges of concentration where the “ ascend¬ 
ing ” and “ descending ” isothermals coincided, the equilibrium pressure was 
not affected by temporarily heating or cooling the system and subsequently 
restoring it to the original temperature ; (2) over the intermediate ranges of 
concentration when the “ ascending ” and “ descending ” isothermals did not 
coincide, the effect of temporary heating or cooling was always to give a new 
equilibrium point which fell within the hysteresis region between the “ ascend¬ 
ing ” and “ descending ” isothermal. The limits to the new pressures were 
again set by the original “ ascending ” and “ descending ’* isothermals. 

It is clear therefore that in the system benzene-ferric oxide gel there are 
ranges of concentration—a lower and a higher range—over which the pressure- 
concentration relations are repeatable and reversible; but over intermediate 
ranges of concentration (the limits of which vary with the temperature) the 
pressure-concentration relations are not reversible and “ ascending ” and 
u descending ” isothermals are only repeatable if the system is maintained 
rigidly at its constant controlled temperature and benzene smoothly added to 
or withdrawn from the system. 

It is to be noted that similar results were obtained by one of us (‘ Roy. Soe. 
Proc,/ A, vol. 108, p. 456 (1925)) in the study of the pressure-concentration 
relationships between palladium and hydrogen. 

(6) The system silica gel-benzene .—The weight {in vacuo) of silica gel used 
was 14*1886 grams. The system was examined at from temperatures 15*25°, 
40°, 60° and 70° and the results are given in Tables D, E, F, G below. 

Noth.—-F or the examination of the system at 15*25°, water at this constant 
temperature was made to flow through the vessel D. 

The results are expressed as before and they are plotted in Graph II. 



510 B. Lambert and A. M. Clark. 


Table D.—Temperature 15-25°. 


No. 

Concentration 

of 

benzene. 

Pressure. 

No. 

Concentration 

of 

benzene. 

Prostate. 

1 

0 1216 

0-226 

» 

0*1770 

5*965 

2 

0*1355 

0*317 1 

10 

0*1826 

5*965 

3 

0*1486 

0*541 

n 

0 1729 

4*900 

4 

0*1690 

0*904 

12 

0*1676 

1*976 

& 

01653 1 

1*448 

13 

0*1634 

1*082 

6 

0 1695 

2*967 

H 

0*1472 

0*493 

7 

01740 1 

5*765 

15 

0*1240 

0*230 

8 

0*1743 | 

5-908 

16 

0*0284 

0*000 


Nos. 1-10—“ Ascending ” points. Nos. 11-10—“ Descending ” points. 


Table E.—Temperature 40°. 


No. 

j 

Concentration 

of 

benzene. 

Pressure, 

No. 

Concentration 

of 

benzene. 

Pressure. 

1 

1 | 

0 1205 

0*764 

9 

0*1732 

18*277 

2 i 

0*1289 1 

1*086 

10 

0*1690 

17*484 

3 1 

0*1486 

2*416 

11 

0*1682 

14*417 

4 1 

0*1004 

5*178 

12 

0*1659 

10*746 

5 

0*1620 

6*088 

13 

0*1037 

8*168 

6 

0*1636 1 

8*439 

14 

0*1620 

6*349 

7 

0*1651 

10 045 

16 

0*1086 

4*492 

8 

0*1683 

14*803 

10 

0*1345 

1*313 


Nos* 1-9—“ Ascending ,s points. Nos. 10-16— 14 Descending ” points. 


Table F.—Temperature 50°. 


No. 

Concentration 

of 

benzene. 

Pressure. 

No. 

Concent rat ion 
of 

benzene. 

Pressure. 

1 

0*0383 

0*044 

14 

0-1486 

4*290 

2 

0*0750 

0*249 

15 

0*1410 

3*029 

3 

0*1071 

0*879 

16 

0*1291 1 

1*911 

4 

0-1268 

1*774 

17 

0*1413 

3*107 

5 

0*1487 

4*376 

18 

0-1619 

5*202 

6 

0*1580 

8*205 

19 

0-1686 ; 

8*647 

7 

0*1606 

10*972 

20 

0-1633 

14*627 

8 

0*1718 , 

26*3 

21 

0-1741 

27*088 

9 

0*1662 

20*346 

22 

0-1646 

17*117 

10 

0*1637 

14*927 

23 

0-1630 

13*841 

n 

0*1622 

12*990 

24 

0-1666 

7*267 

12 

0*1596 

10*255 

25 

0-1616 

4*913 

13 

0*1660 

i 6*740 

26 

0-1206 

1*402 


No». 1-6—First « winding " point*. Nos. 0-16—Fi**t “ descending M points. 

Nos. 17-21—Second ascending ” points. Nos. 22-26—Second 41 descending n points. 
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1 

No. 

1 

Concentration 

of 

benzene. 

Pressure, 

No. 

Concentration 

of 

benzene. 

Pressure. 

1 

O' 1340 

6*809 

8 

0*1718 

54*669 

2 

0-1390 

7*939 

9 

0*1603 

28*705 

3 

j 0*1479 

11*772 

10 

0*1490 

11*998 

4 

0*1565 

21-461 

n 

0*1429 

9*046 

5 

' 0*1604 

30*247 

12 

0*1067 

2*600 

6 

0*1671 

| 52*327 

13 

0*0765 

1*046 

7 

0*1904 

54*059 

i 





Nos. 1-7— 11 Ascending ” points. Nos. 8-13—“ Descending *' points. 


a°r 
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GRAPH E 

PRESSURE: -CONCENTRATION EQUILIBRIUM CURVES 
OF BENZENE SILICA GEL SYSTEM DETERMINED 

iSDTMERMALLy:. 
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CURVE II TEMR 40 ‘C 

CURVE lit TEMR SO'C 

CURVE IV TEMR JO *C 
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SECOND “DESCENOtNO" POINTS---A 



0 -050 190 
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The isothermals representing the pressure-concentration equilibria between 
benzene and silica gel are strikingly different from those obtained for the closely 
analogous system benzene and ferric oxide gel. 

At the four temperatures examined the pressure-concentration isotherm&ls 
are definitely repeatable and reversible over the whole range of concentration 
from zero up to saturation. The purity of the gaseous phase and the reliability 
of our experimental methods are shown by a comparison of the vapour pressures 
obtained at saturation with the vapour pressures determined for pure benzene 
by Young and by Regnault. 


Temperature. 

Equilibrium pressures 
i obtained at saturation* 

I Vapour pressure of pure benzone. 

Young, 

Regnault, 

o 

ems. 



40 

18-277 

18-108 

18-862 

50 

27-088 

20-897 

27-187 

70 

64-060 

54-740 

54-742 


Careful experiments were made over the whole range of pressures and 
concentrations in order to see if temporary cooling of the system to room 
temperature, or temporary heating to 78°, produced any effect on the equili¬ 
brium pressure after restoration of the system to its original controlled constant 
temperature. In no case was any appreciable difference found between the 
equilibrium pressures obtained before or after such disturbances. 

Further, interruption of the smooth addition of benzene by occasional with¬ 
drawals or interruption of the smooth withdrawal by occasional additions 
produced no departure from the equilibria represented by the isothermals. 

There would seem to be no doubt, therefore, that these isothermals represent 
real pressure-concentration equilibria throughout the whole range of pressures 
and concentrations and that the equilibria are completely reversible. 

The adsorptive processes for benzene of the two analogous dehydrated gels— 
ferrio oxide gel and silica gel—are thus proved to be essentially different. 

Experiments are now in progress on the relationships between these same 
gels and (1) water, (2) permanent and semi-permanent gases and gas mixtures. 
The work will be published in later Parts of this research on gas-solid equilibria 
and it is thought better to postpone the theoretical consideration of the results 
of Parts l and II until a later stage of the work. 
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The Triplets of Hdium. 

By J. A. Gaunt, Trinity College, Cambridge. 

(Communicated by R, H. Fowler, F.R.8.—Received November 6, 1928.) 

1. Introduction. 

A theory of the helium atom was developed by Heisenberg,* following his 
famous principle of “ resonance,” Hie work is based upon Schrodinger’s 
equation, and in order to allow for the spin of the electrons he introduces extra 
energy terms, expressing the classical energy of two appropriate magnets. It 
is the perturbation by this spin energy which produces the triplet separations. 
Heisenberg’s calculation of these separations is open to three criticisms: (1) 
He assumes that certain simple forms are correct first approximations to the 
wave-functions ; whereas, owing to degeneracy, it is necessary to take linear 
combinations of these forms. (2) He estimates the mean values of the spin 
energy by means of a model built up of precessing vectors. (3) He neglects 
the radius of the inner orbit in comparison with that of the outer orbit, even 
when the principal quantum number of the latter is only 2 ; this is the least 
satisfactory of several necessary simplifications. 

Schrodinger’s equation is likely to be supplanted as the foundation of 
wave-mechanics by the equation recently put forward by Dirac.f This fits 
the spin of the electron neatly into the theory of relativity, and produces the 
doublets of the hydrogen-like atom in a beautiful manner. Dirac’s g-munber 
theory has been translated into wave-mechanics by Darwin.^ Apart altogether 
from the above criticisms of Heisenberg, it seemed expedient to proceed to the 
theory of an atom with two electrons on the basis of the new equation. Calcula¬ 
tions which are independent of the spin, such as the approximate energy- 
levels, and the separation between ortho- and para-terms, are the same on 
either theory, and are not the concern of this paper. We deal here with 
spin effects, such as the fine structure of the triplets and interoombinations 
between ortho- and para-states. 

It was suggested that the new theory might modify the classification or 
selection rules in such a way as to explain the spectra of the gaseous nebulae. 
There are lines in these spectra which probably arise from transitions between 

* Heisenberg, * Z. f. P.,’ vOl. 39, p. 499 (1926). 

f Dirac, 4 Roy. Boo. P*oc.,’ A vol. 117, p. 610 (1928); also ibid., vol. 118, p. 361 (1928). 

| Darwin 4 Roy* Boo. Proc.,’ A, vol. 118, p. 664 (1928). 

von. exxit.— a. 2 h 
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ortho- and para-states of 0 ++ and N + —systems with two series electrons. For 
this reason, special attention is paid to ortho-para transitions, Mid a section is 
devoted to the triplet of 0 + 4 concerned. The result is no new permission of 
the “ forbidden ” lines. This does not mean that they are rigorously excluded 
by the theory, but that the probability of such transitions is very small and 
requires for its evaluation approximations of a higher order than those of this 
paper. If under special conditions all other means of escape from the “ meta¬ 
stable ” state (e.g., collisions) were even more improbable, then the emission of 
“ forbidden ” lines would become important. 

There are two main differences between our methods and Heisenberg’s. 
Whereas he first applies the perturbation by the electrostatic interaction of the 
electrons with a complete neglect of spin, and then superposes the much smaller 
spin perturbation, in our case part of the spin effect is included from the start 
in Dirac’s equation. This calls for a perturbation theory for nearly degenerate 
systems, which is the subject of §§ 3 and 4. It is much the same as the ordinary 
perturbation theory. 

Secondly, the spin energies are calculated in a straightforward manner by 
means of integrals involving the wave-functions, and are not taken from a 
mechanical model. The details of these calculations will be published else¬ 
where. The,metho(i for a helium atom with one excited electron is sketched 
in § 6, and the resulting triplet separations are given in §7. §8 is a brief 
note on the classification and selection rules, and § 9 summarises the parallel 
.Work on the deepest triplet of 0 ++ . 

The spin energy terms used in the perturbation theory are practically the 
same as Heisenberg’s, with the omission of those which are already accounted 
for in Dirac’s equation. It is shown, however, in § 6 that this energy not only 
corresponds with classical theory, but also arises naturally from the theory of 
Dirac. It is there suggested that the exact interaction energy of two electrons 
e® 

has the simple form - [1 — pj'pj' (o , 2 )] (the notation is explained below), 

and that the more complicated form' used is an approximation better suited 
to the calculations in hand. 

2. Notation and Orneral Method. 

We shall use, with a few modifications, the notation of Dirac and Darwin. 
Our method is more closely related to that of Darwin’B paper than to that of 
Dirac’s, being wave-mechanics and not j-number theory. The quantum 
number j has two meanings; where it is used in Dirac's sense we dull say so; 
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otherwise its meaning is that of the ordinary classification of spectra. It 
saves some periphrasis in discussions on orders of magnitude to use a unit of 
energy comparable with the ionisation energy of the atom. We use h , not 
2 ith, for Planck’s constant. 

Each of the two electrons in the atom has four co-ordinates : xy z denoting 
position in space, and a fourth co-ordinate connected with the spin. The last 
has four characteristic values, so that for a single electron each wave-function 
consists of four functions of position. It is unnecessary to inquire into the 
nature of the spin co-ordinate, or its characteristic values, so long as these are 
given a definite order which is maintained throughout the theory. 

The co-ordinates of the two electrons are distinguished by suffixes 1, 2. 
For this reason, Dirac’s spin matrices a t> <r 2 , cr 3 , p v p a , p 3 , are replaced by 
■a*, p', p", p'". This notation is chosen because the three o’s behave 

like the components of a vector or. The spin-co-ordinate is chosen so that the 
matrices in its scheme of the o’s and p’s are those given by Dirac (p. 614), 
and used by Darwin. 


/0 1 

1 1 0 
10 0 

\0 0 




0 1 
0 0 
0 0 
1 0 



^0 —i 0 0 

t 0 0 0 

0 0 0 -t 

.,0 0 i 0 

'0 0 —i 0 
0 0 0 — i 
i 0 0 0 
^0 i 0 0 


a o o o'' 

0-100 
0 0 10 

v 0 0 0 - 1 / 

a o o o' 

0 10 0 

0 0-1 0 

^0 0 0 - 1 , 


. ( 2 . 0 ) 


The natural way to solve the two-electron problem is as follows. A wave- 
function and energy are found for each electron separately in a central field V, 
which represents as nearly as possible the field of the other eleotron as well as 
that of the nucleus. It preserves the symmetry and simplifies the theory if 
the same oentral field iB used for each wave-function; though it may be more 
accurate in practice to use two different equations, as in Hartree’s method.* 
The separate wave-functions are then combined into anti-Bymmetrical func¬ 
tions, and perturbed by the various terms of the interaction energy less the 
difference between the central field used and that of the nucleus. This per¬ 
turbation may be carried to any desired order. 

If the two separate wave-functions in the central field of potential 

* Hartree, ‘ Proo. Gamb. Phil. Soo.,* vol. 24, p. 89 (1928). 


2 L 2 
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V, have time-factors exp — (me 8 -f- E.) it/h and exp — (me? -j- Ej) it/h, then 
they satisfy Dirac’s equations 


[me 4 . — - ip - V + p' ( cr. p) + p"'wmsJ 4 i„ =* 0 
j me 4- —■ + p' (cr. p) 4- p"'nicj — 0 


( 2 . 1 ) 


In the absenoe of any interaction, the total wave-function would be 

Y - (1) 4* (2) - *a (2) k (1) 


( 2 * 2 ) 


where ** l” “ 2 ” summarise the co-ordinates of the respective electrons. Its 
time-factor is exp — (2 me 2 + E) it/h where 

E = E a + E*, (2.3) 

and it satisfies the equation 


[ 2wc 4.E±ey(l)+eV(2) 4 


Pi ( ®-i • Pi) + Pt ( • Pa) 

4- pj'"ii»e + p,"'mc] Y = 0. (2.4) 


Our assumption is that the correct equation for an atom with two electrons is 
to be obtained from (2.4) by subtracting two perturbing energy terms P and S 
from the numerator of the second term. P depends upon the space-co-ordinates 
alone, and apart from a negligible term. 

P — eV ( 1 ) — eV (2) = — — — — —, ( 2 . 6 ) 

r r i r » 


where r is the distance between the electrons and Ze is the charge on the 
nucleus. S is discussed in § 6 . It involves the spins. 

We are concerned in this paper with the perturbation by 8 and not the per¬ 
turbation by P. We assume that V has been chosen in the most favourable 
manner possible, or, alternatively, that Hartree’s method has been used, with 
the equations: 

[me -f g - ±*. + p' (or .p) + p"'mc] * a = O’" 

f E. 4- eV "l > ’ 

J^fnc 4 - —i 4 - p' ( a . p) 4 - p"'*ncj tfo = 0 

v,(i )# »- filAiSL!! + 5 l, v ta) — + & 

J ? J f fj 

(normalised <J»’s). (2.7) 
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The perturbations relevant to this method have been discussed by Hie author.* 
There is a large first order correction to the energy, AE, due to double counting 
of the mutual potential energy of the electrons; but the matrix components 
of P — AE are reduced to a minimum . They cannot, of course, be reduced 
below the order of the separation between para- and ortho-terms, which they 
produce. In the succeeding sections, “ of the order of P ” is to be understood 
as meaning “ of the order of the matrix-components of P — AE, or of the ortho¬ 
para separation.” 

While P is of the order of 1/10, 8 is much smaller, of the order of the separa¬ 
tions within the triplets. It is suitably measured by y 2 , where y is the fine 
structure constant 2r:e 2 jch — 7-10 -3 . It does not include, as did Heisenberg’s 
spin energy, the two terms due to the motion of the electron-magnets in the 
central field. This energy is already allowed for in (2.1). The result is a 
formal difference in the theory. Where Heisenberg in Mb first approximation 
had two y u ’s with the same energy but different spinB, combining with two 
^ 6 ’s to form a triplet and a singlet, we have from (2.1) two (or with 
nearly equal but slightly different energies. The difference, being of the order 
of S, is small compared with P. Our first step, therefore, is to construct a 
theory of the perturbation of nearly degenerate systems. 

3. Perturbation Theory. 

Abbreviate (2.4) to 

[F + E/c] Y = 0. (3.00) 

Suppose that it has a number of antisymmetrical solutions ¥„ whose energies 
are nearly equal to E. 

E m =* E + 8E m , 8E n = 0 (S). (3.01) 

The other solutions have quite different energies. 

It is often convenient to use unnormalised wave-functions. Let 

jlY n l» = C w ,etc. (3.02) 

where J denotes an integration over all space and a summation for the four 

values of each spin co-ordinate. 

The perturbed equation is 

[P + E —? - ~ - S l T = 0. (3.10) 


* Gaunt, * Proc. O&rnb. Phil. Sac.,’ vol. 24, p. 282 (1928). 
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Si 8 

It will have solutions with energies nearly equal to E 

B* = E + AE“ + SE*. (S.11) 

Their difference from E has been divided into two parts, of which AE/ may be 
considered to be due to P, and 8E M to S and the 8E„’s. The wave-function 
has an expansion in terms of the unperturbed wave-functions, which is 
conveniently written as 

— 2 (a/ + &*/) + 2 («/ + &*/) r B . (3.12) 

m u 

By substitution in (3.10) and use of (3.00) we get 
E (AE* -f m - $E m - P - S) (a/ + 8a,*) Y m 

m 

+ £ (B* - E„ - P - S) («/ + 8a/) - 0. (3.20) 

n 

We can now choose the o’s to be the coefficients in the absence of spin-effects, 
so that (3.20) is satisfied when 8E*, 8E m , S, 8a/, 8a/ all vanish. This corre¬ 
sponds to carrying out the perturbation by P to all orders in the old theory. 
Nothing is gained, but no harm is done, by going beyond that order whose 
effect is just greater than that of the spin perturbation. Subtracting from 
(3.20) the terms independent of spin, 

S {(8E* —,8E m - S) (a/ + 8a/) + (AB* - P) 8a/} Y m 

+ £ {(SB 1 - S) (a/ + 8a/) + (E + AE» - E„ - P) 8a/} V n - 0. 

, ft 

(3.21) 

The a/'s are of order unity, and the a/’s of the order of P, as is shown by (3.20). 
Thus (8.21) shows that the 8a/’a are of the order of S/P and the 8a/’s of the 
order of S. We require only a first approximation to the effect of the spin, 
so we reduce (3.21) to 

S {(8E* - 8E W - S) a/ -f (AE" — P) 8a/} 

m 

+ £ (E —■ E„) 8a/ 'P n = 0. (3.22) 

ft 

Multiply by and integrate. 

(SB 1 — $E ffl ') a/ — £ Som,' a/ -+■ AEK3 m ' 8a/ — E P mB ,> 8a/ — 0 (3.23) 

tn m 

where 

s** s | (S Y w ) ete. (3.24) 

There is a corresponding equation determining the So/’a, but they are 
unimportant. 
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Since we require only a first approximation to 8a (neglecting S in com¬ 
parison with S/P), it is sufficient to use a first approximation to aj 1 in (3.28). 
Taking (3.20) to this order only, 

E (AE* — P) a m M V F„, + 2 (E - E„) a/ T„ » 0, 

m n 

so that 

AE M S P«,m' Ajn* * (3.25) 

One further approximation does not alter the order of accuracy. The 
solutions of (2.1) have four components, of which the first two are of the order 
of y comparison with the last two, while these differ from solutions of 
Schrodinger’s equation by a fraction of the order of y 2 . Consequently wc may 
put 

+ H m (3.26) 

where for 12 components = 0 and = 0 (y); and for the other 4, 
satisfies the Schrodinger equation corresponding to (2.4) and is taken to be of 
the order unity, and = 0 (y a ). In calculating P mm ', small components 
of 'F w are multiplied by small components of since P does not involve the 
spins ; also in § 5 S will be so arranged that the same is true of the calculation 
of S mW '. Hence we are only neglecting y* in comparison with unity if we use 
in (3.23), (3.25): # 

C„ - [ I I 2 , S ww . * S4»m. = ]*»' P+m. (3.27) 

The result is that (3.25) is the ordinary equation in the first order perturba¬ 
tion of Heisenberg’s theory. Wo shall therefore take the AE^’s and other 
consequences of this equation as known, and use this knowledge to eliminate 
P^,*' and 8a TO M from (3.23). 

4. The Spin Perturbation and Intercombinations. 

The normal term will foe denoted foy a suffix 0. It is not degenerate; that 
is, there is only one “ m .” The only part which is not symmetrical in the 
position co-ordinates of the two electrons must contain 8a„’s, which are 
negligible (of the order of S instead of S/P). Thus the main part of the com¬ 
binations between ortho-terms and the normal term must be contributed by 
tiie perturbations of the former. 

Most other termB appear in groups of four. Owing to accidental degeneracies 
the number of m’s in any case may be manifold; but for each p there are only 
four non-vanishing We piok out four p’s which involve the same fora 
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tn’s and label then I, II, III, IV. Of those the first three have wave-functions 
antisymmetrical in the position co-ordinates and symmetrical in the spins, 
while the fourth wave-function is symmetrical in the positions and anti- 
symmotrical in the spins. Also, AE 1 = AE 11 = AE 111 AE 1 ^ so that there 
is still a double degeneracy. This means that when AE M = AE 1 the four 
equations (3.25) corresponding to the four values of m' are all equivalent; 
and this one equation is the only one connecting the four a^'a (jx = I, II, or 
III), which are triply indeterminate until the spin perturbations are used. 
Another form of this equation is obtained by expressing the fact that these 
three terms do not combine with the normal state to a first approximation. 

Let X be any symmetrical function of the positions of the two electrons. 
It may be taken to be the electric moment of the atom, since that is what we 
shall want for radiation. Then by considerations of symmetry 


That is ; 

X I0 = 0 (first approximation). 

m 

(4.00) 

(4.01) 

and this equation must be equivalent to 



AEHVflm' 1 — E Pn,« a«’ = o, 


so that 

M 

X»|0 ’ — Pmm' = X m '0 t AE 1 . C m ' — P W V (*W W ) 

• 


= *W (say) ( 4.02) 

* 

Including the spin terms, we have the second approximation 

Xiq = E X,„o (4.10) 

m 

— x m‘ I AE*C«,' 8dm' 1 — E P mB i' j (by (4.02)) 

- - aw |(8E l - 8E m ) C m - a,,- 1 - E 8 mn , a* 1 } (4.11) 

by (3.23). 

Thfe fourth term does combine with the normal term to a first approximation; 

and 

Xivo — S o^' X^o 

m 

= aj m ' (AE I C m 'a m IV - S P mm <z m IV } (by (4.02)) 

= (AE 1 — AE™) C m a m - lv (4.12) 

by (3.25). Eliminating x m - from (4.11), (4.12): 

(8E t ~SE m .)Cm'«m' -SS mB ,-o m I = ^i2-(AE IV - AE 1 )^*.™ (4.13) 
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The coefficients a m ly are known. Since the wave-functions are not normalised, 
the ratio X IO :Xi V o is arbitrary. Were SE 1 known, the equations (4.13) 
would determine aj in terms of this ratio, and so the normalising factor C* 
We then have the ratio Xi 0 2 /Ci : X IV o 2 /Crv (Ci V being known), which is 
what we require for comparing intensities of lines. 

Let A be the determinant of the coefficients on the left-hand side of (4.13). 
It has diagonal terms SE 1 *— SE m — S wm , and non-diagonal terms — 9 mm '. 
Let A wm ' be the cofactor of the corresponding term. Then (4.13) gives 

A . aj = (AE ,V - AK 1 ) £ C m .a m , lv A mm .. (4.20) 

Aj V o m' 


We can now use the fact that and *Jq v are orthogonal, so that 

£ G m aJW - 0. (4.21) 


Substituting from (4.20), cither X I0 = 0, or 

£ C m a™C m .a, n ."’ A m „, = 0. -(4.22) 

m, m' 

If X I0 = 0, we have five homogeneous equations (4.13) and (4.21), and all the 
determinants 

£ C,„a m n A mm - 

m 


must vanish, to give non-vanishing a m r ’s ; so (4.22) is still true, 
in SE 1 , and may be written as a bordered determinant 

= 0. 


0 

<W V 


<W V 

A 


It is a cubic 


(4.23) 


The same equation holds for II and III, and its three roots are SE T , SE U , 
8E m . 

Our procedure, then, is to calculate the terms of A aud solve (4.23). This 
gives the fine structure of the triplet. (4.20) then determines the wave- 
functions and their normalising factors, unless A — 0. If A = 0 and X I0 # 0, 
(4.20) shows that the determinants 

£ C m -aJ y A rom . 


must vanish, so that the matrix of equations (4.13), (4.21) must be of the third 
(or lower) rank. This implies a number of equations such as 


f .n lv 


0 M lv 

A mm 


0 (m' takes all values but m). (4.30) 
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In general, these determinants do not all vanish, so that 

if A — 0, X I0 - 0, (4.S1> 

and there ie no intercombination of the order of our approximations. 

We have assumed above that X 1V o 5 * 0. It will always be possible to 
find some symmetrical function X for which this is true. Equations (4.11) 
(4.12) show that if Xjyo vanishes to a first approximation, X I0 vanishes to 
a second approximation. 

5. The Spin Energy . 

Heisenberg writes down the following spin energy terms for electrons with 

€> 

magnetic moments — s,, — s 2 and a nucleus of charge Ze. 
me inc 


Ze* [r lVl ] 
me 2 r t 3 

- 7 A [£s2j] . 

me? r a 8 

’{*£_ [ r »vJ 


me 2 

_f!_ l£i_ 

2wc® rf 1 2mc e 

+ Jilaal , 

* A O Q * ®2 


I fa - r g , Vl - v 2 j 
me 2 r 3 

lEi ~ hi v 2 - v i3 


+ c 


r 2> 


* Si 


2mc 2 


■fn-V jl 


3WIC‘ 


+ 


/£\ Z ( 8,8a) - 3 (s,r n ) (8 g r n ) 


(5.00> 


where r n 


'me r” 

J* 

—, and r is the distance between the electrons. The first 


line expresses the energy of the magnetic moment of the first electron due to 
its motion through the field of the nucleus and to its motion relative to the 
second electron in the electrostatic field of this electron. The third line is 
Thomas’ correction to the energy of the first line, which is relative to moving 
axes. The second and fourth lines deal similarly with the magnetic moment of 
the second electron, and the last line expresses the interaction of the two 
magnets. We shall group the terms differently. 


Ze» fav.l 

2mc s fj a 


• 8 X + 


2mc? 


[£i 


JZi3 


™ land . - + JL fa - r i> v »i 

.s * 2 me* r* 


2 me* 


+ 


fa 


me* 


+ 


r* 


m 


* 1 ’ v 2 


v a'J . . 

8l+ mc* 




(8i8 t ) 


7 s 


(5.01) 
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In this expression the first line is the energy (with Thomas’ correction) of 
the first electron-magnet in the combined electrostatic fields of the nucleus 
and the other electron. In so far as the non-Coulomb field of (2.1) is an 
adequate substitute for these combined fields, this part of Heisenberg’s spin- 
energy is already implicit in that equation. The error due to using the spin- 
energy given by Dirac’s theory of a single electron should be as small as SP. 
So for the second line of (5.01), which applies to the second electron-magnet. 
The last two lines give S. In Dirac’s theory, the electron behaves as if it 

had a magnetic moment — f -— a r. We substitute this for — 8, and — p 

in me me m 


for v. 




e*h 

4-7m 2 c 2 



r 3 

+ 


. Pa j 
eh 

in me 


• »-+[V- Pi J - 

)- (Q-, • cr 8 )-3(cr 1 .r B )(o-,.r 0 ) 

/ .** 


(5.02) 


= T, + T 2 + U (say). 


(5.03) 


There are some non-commuting 7-numl>ers in Tj and T 2 , but these terms are 
real, for 



Pa 


+ 


Pj> 



ih 

2n 



~ o, 


(5.04) 


i.e., the imaginary part of the vector product vanishes; also it commutes 
with cr j. 

We can approach the question of the spin energy terms along quite a different 
route. S can be interpreted as arising from the action on the electrons of each 
other’s magnetic field. For instance, T, is the energy of the first electron- 
magnet in the magnetic field due to the motion of the second electron’s charge. 
Now when a single electron moves in a magnetic field whose vector potential 

c 

is A, p must be replaced by p + - A in Dirac’s equation (2.1). The additional 

c 

energy W (= cp 0 ) required to balance this extra term is 


- v (O*. A), 


(5.10) 


A will depend on the position only of the given electron. 

(6.10) is inoonvenient for our purpose, since p' mixes the first two com¬ 
ponents of the wave-function with the last two, so that we cannot neglect the 
former without reducing the whole perturbation to zero. In this section let 
ta denote the four components of a wave-function by suffixes 1, 2, 3, 4. In 
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finding the matrix-components of the spin perturbation we are concerned with 
integrals of sums such as 

— 2 tj^ep' (o- . A) <J/ # , (5.11) 


where (5.10) operates on and the summation is over corresponding 
components of 4>« f ty b . 

On carrying out the operation with p', (5,11) becomes 

— {+ mC ( «“ • A ) + ^ 62 e ( 9 • A ) +04 + ?»8 e ( ° r • A ) +.1 

+ 4'»*e(cr .A)«j/ Bg }. (5.12) 


The operation with er replaces each of the large wave-functions <p 8 , + 4 , by a 
large wave-function, and each of the small functions ^2 by a ™aail one * 
It is sufficient therefore to substitute for the small functions explicit in (5.12) 
in order to get rid of them altogether. 

Carrying out the operations with p', p'" in the first two components of (2.1) 


(2 me + <Ji #1 + ( cr . p) ip a g = 0 

(2mc + Eg -^ cV ) ^. 3 + ( cr . p) <k 4 = 0 

or with sufficient accuracy 

~ 2mc ^ ‘ ^ l ^“ 8 

► . 

< '“ = -2S (SP ' P) ' 1 '- . 



(5.18) 


(5.14) 


Substitute from (5.14), and (5.12) becomes 


jj~: {(» • P) 4 'm ( 9 • A ) ♦a + («* • P) («* • A ) 

+ (9 . A) (o*. p) ( 9 . A) ( 9 . p) 


= 2mc S ^® ,,p) 't' 6(or,A) + a + ^ (o ‘ (6,15 > 


approximately. Using Dirac’s notation for matrix-components, the first 
term in the bracket is 

s , , (X|(cr.p)|(ji)(Jv(X|(cr * A )I v )+«» 

A,m ,v ** 1,2,3,4 . 

~S ^((a|(o-.p)|X)(X|(ct.A)| v)^ 

Am* 1 

— 2 + (o\ p) (cr . A) <j/ a . ( 5 * 16 ) 
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Thus the matrix-components of (5.10) are approximately the same as those of 


2~{( o’- P)( <=•• A) + ( cr. A) ( er. p)} 

= ~{(P . A) + (A . p) + ia-. [p, A] + icr. [A, p]} 

- i {<p • A) + <A ■ p)) + iSs < tr - curl A) - ( “ ,) 


We have now to calculate the vector potential due to a moving electron. 
Dirac* has shown that the conservation of electricity is maintained if the 
density of charge and of current corresponding to a wave-function (with an 
Hermitian Hamiltonian) are 


— e £ tj) vp a &d ec E $ p' cr ^ (5.20) 

Thus if we are right in attributing a scalar potential —ejr to the charge on 
the electron, we should also expect a vector potential due to the moving charge 

A^ep'cr/r. (5.21) 

Again, p is inconvenient, and it can be removed by the same device as before. 
It ia not necessary to repeat the argument. To a sufficient approximation 



P ) Z + X(o\ p) 
r r 




r— jp--|-ip + *[w.p) i i 

2 me l r r r r 



_f_ / p - -4- - p)-— 

2mc { r r J 47cw c 



(5.22) 


It is interesting to note that just as the last term of (5.17) expresses the energy 

eA 

of a magnet of moment — --in the given field, so the last term of (5.22) 

4 mrw cr 

is the vector potential due to such a magnet. It has not been necessary in 
producing either of these terms to mention explicitly a magnetic moment 
of the electron. It appears that all its magnetic behaviour can be 
interpreted in terms of the current due to the charge — e moving with 
velocity —op' cr. This current-velocity, whose components have characteristic 
values ± o, has no connection with the momentum; and conversely p is 
fundamentally irrelevant to the electromagnetic field. (5.17) and (5.22) show, 
* Dirao, ‘ Roy. Soc. Proc.,’ vol. 118, p. 864 (1928). 
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however, that the electron’s interactions with the field can be represented 
approximately by means of a current-velocity p jm- and a magnetic moment 
eh 


a-.” 


47TOJC 

Substitute from (5.22) in (5.17), inserting suffixes 2 in the former and 1 in 
the latter, and neglecting terms independent of er l5 cr 2 , which are irrelevant 
to S and constitute an insignificant addition to P ; 


S 


<?h / 



1 

8wn*c 2 t 

pi 

» 8 , 

^2 ~ 
r~ 




< 

e*h 1 

l T 2 -Tl 

P2 

inrn^c 2 \ 

1 

,.8 


1 


Pi - 


i ■ [Pa> Vi-] 

+ | eh ■,« (>, o- 2 ) -3(o‘ 1 r fl )(g a r a ,l 
\ircmcJ r 8 


cr x -f- 


This is the same as (5.02). To add the energy of the second electron in the 
field of the first would be to count the mutual energy twice over. It appears 
from the above argument that (5.02) is only an approximation, which is con¬ 
venient when we wish to neglect the smaller components of the wave-functions. 
€ombining (5.10) and (5.21), and adding the electrostatic term, we obtain for 
the mutual potential energy of two electrons the simple form 

;[l~PiW (»i •«■*)]• (6-80) 

(Similarly, the second term of Dirac’s Hamiltonian may be interpreted as a 
kinetic energy 

-cp'(o-.p), (5.31) 

since this is the addition to W necessary to balance it. We have called —*cp' a 
a “ current-velocity,” and (5.31) is comparable with the energy of a light- 
quantum, which is the scalar product of its velocity and its momentum. The 
electron has also the mass-energy 

- (5.32) 

which is equivalent to me 2 for the larger components of the wave-functions.) 


ah th 

* Our approximation does not distinguish between — - - cr and -- p" cr, since 

4ime %n 

,p'" ■» — 1 for the two lost components. The latter is required by Darwin's equations(4.1) 
in ‘ Boy. Soo. Proo.,’ A, vol. 120, p. 027 (1028). 
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6. The Method of Calculation with One Electron Excited . 

The wave-function for a single electron comprises four functions of position, 
of which the first two are small, and the other two differ little from solutions 
of Schrodinger’s equation. Provided that the spin-energy S is thrown into a 
suitable form, it is sufficiently accurate to take as the two wave-functions corre¬ 
sponding to an (n> k> u) orbit 

- 0, 0, (k + « + 1) P<- * + *) P r n 9n,) 

\ ( 6 . 0 ) 

V* = 0,0 P,^ n , P 


where P t w is defined in Darwin’s manner, and is the radial part of the solution 

of Schrodinger’s equation. (The lower suffix of ^ is Dirac’s j.) Thus 

+ = Wxa ) 

( 6 . 1 ) 

- + (k + u + 1) W - 7j> J 

where 

(f) k u = (2k + 1 ) Yifffnk* ( 6 . 2 ) 

and / (r Xi arc functions of the spin co-ordinate only, with components 

Xa - 0, 0, 1, 01 


Xb = 0, 0, 0, 1J 

For states in which only one electron is excited, a group of four wave- 
functions such as are deduced by Heisenberg as first approximations to the 
complete wave-functions is 

<]/. - Wo° (1) <^ +1 (2) - V (2) ^ +1 (1)] (1) & (2) 

= [* 0 °(1) ^ u ' 1 (2) - V(2) ^“- 1 (D3x.(l)x.(2) I 

= Wo°(D &“(2) - <f>o°( 2) ^(1)][X„(1)X»(2) + X»(Dx«(2)] ' ' 
<kv = W(l) H* (2) + <f>o° (2) <4** (l)]tx«{l)X»(2) —X»(1>X.(2)]- 
Of these the first three have the same energy E + AE 1 , and are not true first 
approximations, but must be taken in linear combinations to form <|>t, 4>n> 
^m* 

The functions in (6.4) are ohosen so that by means of (6.1) they can all be 
expressed in terms of the four 

«W - *-x° (1) 'J'-fc-i* 1-1 (2) - +-i°(2) +- l _i“" 1 (l) ' 

= +_x° (1) 1 (2) - ^-x 0 (2) W- 1 (1) I 

+4 - i-r 1 (1) (2) - ^x- 1 (2) ^ (1) J 
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In each of these functions the sum of the magnetic quantum numbers is the 
same, u ~ 1 pairing with 0 and u with —1. The set of functions (6.4) can be 
Temembered by supposing that Xa> Xb contribute +i &ud —£ respectively to 
the magnetic quantum number, which defines the total angular momentum 
about the as-axis. This corresponds to Dirac’s equation 

M *= m + \h a, (6.6) 

and the fact that a t behaves like +1 with Xa and —1 with Xjb (see equation 
(6.8) below). It appears during the course of the calculations that this set of 
functions remains separate when the perturbation by S is applied, so that the 
degeneracy in u causes no embarrassment. 

Evidently SE X « SE 3 , SE 8E 4 , and SE X — $E 2 is the spin-doublet separa¬ 
tion for the («jfc)-orbit. 

The calculation of S OTm ', etc., will only be described shortly here. Since 
the relations between the y m ’s and '| a , 4^iv are known, it is convenient 

to calculate first such integrals as 

S„ = [ (6.7) 


The summation with respect to the spin co-ordinates is carried out with the 
help of the formulae 


<*.X« = °»X« = *X*» °.X« = X« ) 

\. ( 6 . 8 ) 

= Xa. ——*Xa. ff *X» ——; Xb ' 

In the sextuple integral the integrations with respect to the angular variables 
can Ik? performed, leaving only radial integrals. From S OOJ etc., the S w ’s 
are found and substituted in (4.23). This equation can then be solved to give 
the triplet separations. 

The radial integrations require a knowledge of g 10 and g nk . Bough approxi¬ 
mations to these functions have been used, with certain simplifications suitable 
to widely separated orbits. 


7. Numerical Results. 

The result of the calculations described above is 

8E 1 — 8E n — ~ PY f?_r-J 4. 3 ] 

n*k (24 + I) \ 2 ^2*+ 3| 

8E» — 8E UI == - mc2 ( Z ~ 1 ) > 7 4 JZ —3 _ 3 ) 

n® (k + 1) (2& + 1) \ 2 2*-lJ 

where Ze is the nuclear charge, y the fine structure constant 3 ic&lch. 


(7.0) 
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The following table shows the ratio 8E 1 — 8E U : 8E U —* 8E nI with the 
sign of each separation, for the P- and D-terms in the cases Z «= 2 (He), 
Z =5 3 (Li + ) and Z oo (normal triplet). 


1 

z 

2 

3 

00 -j 

1 

k = 

1 

2 : — 35 

2 : —5 

2:1 

r* 

jfe = 

2 

— 1 : —14 

9 : — M 

3:2 j 



(7.1) 


When n is small some of the approximations used are unsuitable. A more 
accurate calculation for the 2 8 P terms of He gives 


SE 1 - SE n = - 0-003^ 

a 

8E“ — 8E IU = - 0-068 

« J 


(7.2) 


where a is the radius of the first hydrogen orbit. This is a completely inverted 
triplet with two very close components. The ratio of its separations is very 
sensitive to small errors in the theory, and (7.2) is in sufficient accord with the 
experiments of Hansen* and of Houstonf who find §E n — SE in : 8E 1 — 8E 11 
is about 13 or 14. For 3D Houston gives a partly inverted triplet with separa¬ 
tions 0*02 cm."' 1 and 0*06 cm." 1 , which agrees neither with this theory nor with 
Heisenberg's. 

The magnitude of the separation of the extreme components of He 2®P is 
given by (7.2) as 0*77 cm.” 1 as compared with Heisenberg's 0*62 cm.*" 1 and the 
observed value of 1 • 06 cm, Sugiura,J by using more accurate wave-functions 
has raised Heisenberg’s result to 0*86 cm."’ 1 , and a similar correction would 
improve oux value. 

For other helium triplets the following extreme separations are found from 
(7.0):— 

3P 3D 4D 1 

Sv (calc.), cm.*" 1 . 0*25 0-046 0-02 t. (7.3) 

8v (Houston), cm.” 1 .. 0-286 0*08 0*04 J 

The calculated values are uncorrected, but no correction is likely to produce 
Houston’s observed values for the D triplets. 

The probabilities of ortho-para transitions have been estimated as 

* Hansen, * Nature/ vol. 119, p. 237 (1927). 
f Houston, * Proo, N at. Aoad. Sci,/ vol. 13, p. 91 (1927). 
t Sugiura, * Z.f. Phyaik/ vol. 44, p, 190 (1927). 
vot. oxxn,— a. 2 m 
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explained in tlie perturbation theory. We give two results for the ratio 
Xhq 2 /Ch : X 1V o 8 /Civ X I0 and X in o vanish to our order of approximation. 


He, IS — 2P Li + , 1S-2P\ 

10" 7 7.10~ 7 J 

Thus the line 2 *P X — 1 1 S 0 should be 10“ 7 as intense as the line 2 3 Pj — 1 *S 0 
in helium. Such lines are not observed. 

The above ratio of intensities is roughly l (Sv/Av) s , where Av is the ortho¬ 
para separation. This formula may give the right order of magnitude for 
other atoms with two series electrons. The following table shows the ratio so 
calculated of the intensities of m 3 P X — 1 1 S 0 and wi *P X — 1 %, for observed 
intercombinations. * 


Element. 

m. 

Ratio 

1 in 

Element. 

m. 

Ratio 

1 in 

Mg 

1 

200000 

Zn 

1 

2500 

Ca 

1 

12000 


2 

1800 


2 

160 

Cd 

1 

260 

Sr 

1 

700 


2 

150 

Ba 

1 

85 


3 

100 


2 

220 

Hg 

1 

22 

1 


The second intercombination line of Hg is omitted, since Sv > Av and the 
approximation becomes absurd ; the first line is well known to be intense. 


[Added, December 13, 11)28.—Two of the ratios tabulated above are in fair 
agreement with experimental data due to Kuhn.f He measures intensities 
by a quantity/, given by 

/ = BmAv/rre 2 . 

The Einstein B-ooefficicnt is proportional to the square of the matrix-component 
of the electric moment, so that the ratios tabulated in (7.5) are ratios of /X. 
We quote Kuhn’s observations for three lines, with Fowler’s notation and 
wave-lengths. 


Cd. 

1 *S - 

- 1 3 P 1 

X = 3261 

/-1*9. 

io- ; 


PS¬ 

-PP 

X » 2288 

/= P20 


Hg .... 

PS- 

-1 3 P X 

X = 2537 

/ = 2*5. 

10" 1 


No value of/ is given for Hg 1 1 S — 1 X P (X = 1850); a reasonable estimate 
is about 1 *25. The observed ratio of /X for the Cd lines is 1/440 (</. 1 /260), 
and for the Iig lines about 1/37 (of. 1/22).] 

* Data from A. Fowler, ' Report on Seda* in Line Speotra ’ (1022). 
t Kahn, * Danske Videnak. Selakab.,’ vol. 7, J12, pp. 23,80 (1920) 
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8 . Classification and Selection Rules . 

The form for large Z of the spin energies quoted above suggests that the 
three terms, I, II, III, correspond respectively to j — k + I, k } k — I. It is 
easy to verify that their weights are 2k -f 3, 2& + 1, 2k — 3. The group of 
four wave-functions (6.4) exists for k 1, i u j <A\ If, however, | w j = k, 
or typ drops out, and the spin energies of the two remaining ortho-terms are 
found to be 8E T and 8E n . If \u \ = h -f- 1, only one function survives, and 
its spin energy is SB 1 . So the weights of the ortho-terms are as stated, 
and that of the para-term is 2 k + 1, i.e., j = k. k — 0 is a special case. 
u — .j- 1 gives a single ortho-term as before, with spin energy 8E r For u = 0 
the group consists of and and the former again has spin energy 8E A . 
We thus have the familiar 3 S, and with weights 3 and 1 respectively. 

The approximate wave-functions for the ortho-terms are found in the 
course of the theory. They are :*■— 

+1 = (k — U + 1) (k — w) 4». + (k + u + 1) (fc -f «) tpp 

-(& + u + i)(i-u + i) <p y 

4>n — — a—«) +«+ (k 4 - u ) ^ 

'I'm — 4" 'j'o 4- '■K 

From these we can calculate matrix-components of the electric moment of 
the atom for various transitions between ortho-states. They are found to 
vanish unless Ak = ± 1, A j = 0 or ± 1, thus verifying the selection rules. 
On taking the squares of the matrix-components to represent the intensities 
of the corresponding lines, the summation rules are also verified (approximately) 
inside the triplets. 

9. A Triplet of Doubly Ionised Oxygen. 

So far, one electron has been confined to an orbit for which k = 0. The next 
simplest case is perhaps that in which both electrons are in (w, ]) orbits. This 
is the situation for those terms of 0 1 * and N * which give rise to lines in the 
spectra of the nebulee, if we treat the complete. K and L , shells as forming a core 
in whose central field the two series electrons move. 

In this case there are in all 15 wave-fimotions, arranged in groups com¬ 
parable with (6.4), which may be given total magnetic quantum numbers « 
as follows:— 

u » -2 -1 0 1 2^ 

1 2 3 2 1 

112 11. 



A 

S 


2 M 2 


(9.0) 
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Opposite A is the number of wave-functions in the group which are anti- 
symmetrical in the position coordinates, and so give ortho-terms* Opposite 
S is the number of symmetrical f unctions. 

One of the para-terms for u = 0 has the same energy as all the para-terms 
in the other groups ; so it has weight 6 and is 1 I) 2 . The other para-term is 
3 S 0 . The ortho-terms arrange themselves as before into 3 P' 012 . 

Tiie triplets are nearly “ normal ”; the ratio of the separations 
8 P 2 *P'j : 3 P' a — 3 P' 0 is found to be approximately 

27/ - -54 : Z' + (9.1) 

Here Z'e is some sort of effective nuclear charge, allowing for screening by the 
K and Lj shells. (9.1) gives the observed ratio* 11 for with Z' between 4 
and 5, which is reasonable. It is a puzzling circumstance, however, that the 
observationsf on the ions 0 + +, N \ C, give greater values to the above ratio for 
the smaller atomic numbers, instead of the reverse. 

It had been hoped that some new system of classification or new selection 
rules might appear from the new theory to accoiult for the nebular lines. These 
seem to be due to transitions such as 3 P' 2 — J D 2 , 3 P'j — 1 D 2 and *D 3 — *S 0 . 
The first two are para-ortho transitions, and might be treated in the same 
way as such transitions in helium. This, however, would express their inten¬ 
sities as small fractions of the intensities of combinations within 3 P' which are 
themselves “ forbidden ” since the k of neither electron alters. It should be 
emphasised that such lines are not completely excluded by the theory, which 
only predicts that they are normally extremely weak. To estimate the 
probabilities of the transitions involved it would be necessary to proceed to 
higher orders of the perturbation by P. This makes 3 P' 2 — 8 P / 1 , etc., possible 
by adding to the approximate wave-functions small wave-functions with 
different k’ s. The probability would be of the order of (AE) 2 as compared 
with a line obeying the selection rules; and we should expect the inter¬ 
combination lines to be weaker still in a ratio of the order of (8E/AE) 2 . Their 
prominence iu the nebular spectra must therefore be due to the special 
conditions of the gas which emits them. 

The detailed account^ of this work has an appendix containing formula 
for certain integrals of the type 

j 1 ^ P,“ ((/.) IV (fx) P„* (|*) dii (n~v + w). 

Such integrals occur in the calculation of B (iaf etc. 

* A. Fowler, 1 Koy. 80 c. Proe./ A, vol. 317, p. 321 {1927). 

t (N + ) Bowen, 4 Phys. Rev./ vol. 29, p. 231 (1927); (C) A. Fowler and Selwyn, ( Roy. 
Soo. Proc./A, vol. 118, p. 34 (1928). 

% 4 Phil. Trans./ A. vol. 228, p. 151 (1929). 
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8km Effect in Rectangular Conductors at High Frequencies. 

By J. D. Cockcroft, Ph.D. 

(Communicated by Sir Ernest Rutherford, P.R.S.—Received November 7, 1928.) 

1. Introduction . 

There is at present little exact information either theoretical or experimental 
on the high frequency resistance of cylindrical conductors of rectangular section, 
although the general nature of the phenomenon is quite well known and has 
been exhaustively treated in the case of circular conductors by Kelvin, Heavi¬ 
side, Russell and others.* 

The first method of attack on the problem of the rectangular conductor is 
to treat it as a strip of infinite breadth when the problem becomes one dimen¬ 
sional and requires simply a solution of 

3 2 E 4n\i BE 

BF* 3T 

E being the electrical force and \x and p the permeability and resistivity 
respectively. The solution of the problem for two parallel strips was first 
given by Rayleighf and it was shown that for high frequencies the current 
decreases exponentially toward the centre of the conductor, being confined 
effectively to a surface layer so that the resistance of the conductor was the 
same as if composed of surface strips of thickness (27cp,o>/p)~“*, to being the 
periodicity. This approximation, however, gives much too low values for 
the high frequency resistance of a conductor of finite breadth. 

The problem of the conductor of rectangular section was discussed by 
Heaviside^ and compared with the problems arising in the St. Yenant theory of 
torsion for the case when the return conductor is a closely fitting sheath. In 
this case the current distribution is uniform round the boundary of the con¬ 
ductor and a simple solution is possible in a series of trigonometrical and 
hyperbolic terms. This solution was recently given by Strutt§ but it has 
little practical importance since the return conductor is never of this form and 
current distribution is in general far from uniform round the boundary. 

* Kelvin, ‘ Math, and Phys. Papers,’ vol. 5, p. 491; Heaviside, * Electrical Papers, 
vol, 1, pp. 353, 429 ; Russell, ‘ Theory of Alternating Currents,’ vol. 1, pp. 49, 367. 

t * Scientific Papers,’ vol. 2, p, 496. 

J ‘ Electrical Papers,* vol. 2. 

5 * Ann. Physik,’ vol. 83, p. 979 (1927). 
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An alternative method of attack is to treat the conductor as an ellipse of 
large eccentricity when as was pointed out by Strutt,* a solution is possible 
in terms of Mathieu functions, although an actual numerical solution was not 
obtained. For low frequencies therefore no solution exists at present which 
can be used to give numerical results. At higher frequencies the problem 
becomes much simplified since, as was pointed out by Kelvin (loc. tit.) the 
surface of the conductor becomes a stream line in the magnetic field and the 
problem of the distribution of field becomes analogous to an electrostatic 
problem, magnetic stream lines replacing equipotential surfaces and the 
current density corresponding to the electrostatic surface density. This 
analogy was used by Butterworthf to calculate the effective resistance of two 
parallel cylinders of circular section at high frequencies and has lately been 
used by StmttJ to find the resistance of an isolated cylinder of elliptical section 
as an approximation to the rectangular conductor. 

The method may, however, be applied equally well to the rectangular con¬ 
ductor since it is possible to calculate the electrostatic field outside an isolated 
cylindrical conductor of rectangular section using the method of the Schwartz- 
Christoffel transformation, first formally applied to this type of problem by 
Michel.§ The solution of this electrostatic? problem extended to include the 
u*e of curved edges, was recently obtained by the writer in a form suitable 
for numerical computations) | and field distributions worked out for a number of 
actual cases. This solution is applied here to the skin effect problem and the 
results compared with the results for the ellipse and with such experimental 
data as is available. 

2, The General Relation between the Alternating Current Resistance of a 
Cylindrical Conductor and the Electrostatic Problem. 

Let <s be the surface density of electrification of the cylinder in the electro¬ 
static problem. It will then represent the time maximum of the surface 
current density or 1/4 tc times the tangential magnetic field at the surface in 
the skin effect problem. We have already stated that the “ effective depth of 
penetration ” of current into the conductor is given for infinite plane surfaces 
by 1/m where m = (2rc (Jiw/p) 1 . This relation will hold for cylindrical con¬ 
ductors of any shape provided the radius of curvature of the boundary surface 

* ‘ Ann. PUysik/ vol. 84, p. 485 (1027), 
t * Roy. Soc. Proc.,* A, vol. 107, p, 707 (1926). 
t * Ann. Phytrik/ vol, 85, p. 781 (1928). 

§ ‘ Phil. Trans,,* vol. 181, p. 389 (1890). 
i| ‘ J. Inst. Eleo. Eng./ vol. 66, p. 400 (1928). 
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is small compared with 1/m, The dissipation of energy per unit length of 
conductor and circumferential dimensions ds will then be \m$G*d$ and the 

total dissipation per unit length will be |mp j* a 2 af.y, the integral being taken 

round the surface of the conductor. This must equal JI 2 It if I be the maximum 
value of the total current and R the alternating current resistance so that 

We have also 1 = j* ads so that 

R ass mp | aHs /[[ ads j (1) 

As a check on this result, we note that for an isolated cylindrical conductor 
of circular section, a is constant over the surface, so that 

R = mp/27cr = (toR 0 /2)* 

a well-known result. 

3. The Altermting Current, Resistance of an Isolated Conductor of Rectangular 

Section. 

The distribution of electrostatic stress round the cylindrical conductor of 



Fig. 1. 


fig. 1 is obtained by the method of the Sohwartz-Christoilel transformation 
using the transformations 

§ = V(* 8 ~ 1)0* — l/A §=(<*- (2) 

The upper half of the plane of t being transformed into that part of the plane 
of z bounded internally by tho flux lines BC, B'C' and the upper surface of the 
conduotor BAO A'B'. 

to — + jty gives the field in the t plane, <f> being the potential function, 

and <{/ the flux function. The electrostatic stress in the z plane is given by 

\<ko\dz\ — l/\Z(t* — 1), 
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so that the surface density a is 1 /4~-\/ (t 2 — 1) and 

f_ 9J 1 f J/ ‘ dt 

J o (Is j o V(( ,_ 1)((2 _ 1/k2) > 

the substitution t — sn u leading to 

Jc*ds = /c(F-f F')/4n*. 

F and F' being the complete elliptic integrals of the first kind to moduli 
k and k x = \/(l — k 2 ). 


Wo have also 



f j 1 i’V« , 

I a W jo VW — * 2 ) 


bo that 

f o a ds j j jadsj 2 = K (F + F'J/n* 



(3) 

We have further for the conductor shape 



OA — a = (E — icj'F)/* 

(4) 


AB = 6 = (F/ - k“F')/k, 

(5) 


E and E' being the complete elliptic integrals of the second kind to moduli 
k and respectively. 

Wo have then from (1) 


R/R 0 = k (F -f F')\/ (2irpw)/ir 2 E 0 , 
and substituting R 0 — p/4 ah we have 

R/R 0 = 27t“} (E - k, 2 F)} (E' - /c 2 F') 4 (F+F') (2w/R 0 )‘, (6) 

~ /(6/«) V (2oi/R 0 )/-nr, 

since R/R 0 is a function of k only and therefore from (4) and (5) of the shape 
factor 6/a. 

In fig. 2 we plot/(6/a) for shape factors of one to two hundred. 

For the ellipse, Strutt {loo. tit.) obtained 

R, /R 0 » F (1 — a*/6*)‘ (a/6)* «-V(2«/R 0 ) » /, {bla)n~- V(2<o/R 0 ), (7) 
F denoting the oomplete elliptic integral of the first kind. On fig. 2 we plot for 
comparison/,(6/a) and see that for values of 6/a about 40 the two curves give 
equal values but for large ratios of 6/a the ellipse gives larger values. 

For large values of 6/a or small k, wo obtain from (4), (5) and (6) a/6 «* toc*/ 4 
and 


R/R 0 = 7t-J (a/6)‘ log, (4it6/a) (2<o/R 0 )» 
*= Tt~} (R,/R„). 


(8) 
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b/a 


If wo were to treat the rectangle as part of an infinite strip, we should obtain 

R/R 0 = (m*/6)* (w/2R 0 ) 4 . (9) 

The points obtained for this expression are also plotted on fig. 2 and it is 
seen that the. values obtained are much lower than for the ellipse. It is also 
obvious from (8) and (9) that the two expressions will not tend to equality for 
large values of b/a. • 

4. Correction for Curvature of the Edges. 

Since we have stated that the method used is only justifiable provided the 
curvature of the surface is at all points small compared with 1/m it is necessary 
to satisfy ourselves that taking the edges to be ideally sharp has not introduced 
an error. The solution of the eloctrostatic problem for the case of curved 
edges has been given by the writer (toe. eit.) and we take over the results to find 

k/r. “ f:©WriS (P +Q)‘ a”+OT -v+Q' - Q - w +’,) 

(arc sin k — arc sin k) (k' 2 —k 8 )], (10 ) 

= f (&/*) ~ V (2w/Ho), 

7t 
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where 

P « E (tu/2 , k) - iq* F (tt/2, k), P' = fi (tt/2, jc,) — k*F (tc/ 2, iq), 

Q-E (tc/2, k') - iq'*F (tc/2, «'), Q' - E (tt/ 2, /q') - **F (tc/2, <), 

OB - a - P + Q, OE = b =*= F + Q', (11) 

r x - OC - {E(tc/2, /c') - E(p, *')} + k/ 2 {F(tt/2 , «') - F(p, *')}, 
r 8 - 01 ) - {E (tt/2 , iq) - E((J', iq)} + k*{F (tt/2, k x ) - F (£', iq)} f 
sin (i = k/k'. sin (}' ™ #q'/*j» 
iq = (1 - K 3 )*, = (1 - tf' 2 )*. 

The dimensions of the conductor are shown in fig. 3. The curve obtained for 
the corners does not differ by nmch from a circular arc, the dimensions r x and 

r 2 differing in practice only by a few per cent. 

, -g- q*° Variation of the two moduli k and k gives a series 

of conductor dimensions with different radii and 
e ratios a lb. 

From ( 10 ), values of R/R 0 were calculated for a 

s_.J series of conductors for which 2a /(q + r 2 ) was 

[Cj G , 3 . approximately 10 and bja varied from 9*7 to 43, 

The points obtained are marked on fig. 2. It is 
seen that they give about 5 per cent, lower resistance ratios than for sharp 
edges. This is, of course, due to the diminution of current density at the 
edges obtained by rounding them to a small radius. It is clear, therefore, 
that we make no serious error in taking the edges to be sharp for very high 
frequencies. 

5. Proximity Effects. 

The effect of a parallel return conductor in changing the effective resistance 
of the conductor at high frequencies could be investigated exactly if the 
solution of the electrostatic problem of two charged rectangles with parallel 
sides as shown in fig. 4 was known. 

Actually the solution involves intractable integrals and it is only possible to 
approximate by using the solution for the case when one of the dimensions is 
semi-infinite as in fig. 5. 



R , 


** 

_ 

£77 

Ll 



Fig. 4. 


Fio. 5. 
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If the spacing distance 2g is less than one-quarter of the dimensions 2a, then 
towards the centres of the opposing faces the stress distribution will be practically 
uniform and equal to that at the corresponding distance from the corner of 
the semi-infinite conductor. Towards the point C on the other baud the 
stress will fa]] to very small values and will again differ little from that of the 
semi-infinite case. 

The appropriate transformations for the solution of the electrostatic problem 
of fig. 5 were first given bv Kirch off* and are 


so that 


and 


dz y /(t —- a) (t 1) dw L 
dt t ' dt ~ 1 ’ 


~ -1 -■«) (' - i ), 


Hire 3 a 2 ds 


a* log — 


2a — (a + 1) / 


K 

/ s 


| ants = log t%jt v a y/(t --- <?.) (f ■ .1). 

The relative conductor dimensions arc given by 

t/9 - 0 - (" i-1 )/V(«)} 

OA = «* log 

« — 1 

(a -f~ 1) i (ct -f- J) -f- 2 — 2L it 4 

- -p' 0 * „ ; 1 - 2>> - a, * - ->' 


CD ~ o 4 log t 2 —- a* log 


(a -j- 1) 4 — 2a — 2 (aX) 4 


(« - 1) 


(« + 1 ) 


arc cosh 


2< a - (a + 1) 
a — 1 


( 12 ) 


(13) 


(14) 


Prom (12), (13) and (14) a, l, and t 2 can easily be chosen to give doBired con¬ 
ductor dimensions. R/R 0 was calculated for values of t.[g of 0*25, 0-45 and 
1 >6 and values of b/a ranging from 20 to 230. The results are plotted on fig. 6 
with the curve for the isolated conductor as a comparison. It is seen that the 
points do not differ much from those for the isolated conductor. For the largest 
values of t/g they actually show a decrease in the effective resistance, increasing 
again for closer spacing. It is unfortunately not legitimate to apply the 
* * Gesanunelte Abhandlnngen,’ p. 101. 
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calculation to conductors of larger spacing as the approximations become 
inaccurate. It is not possible therefore to say for what spacing the minimum 



resistance is obtained. The diminution in resistance is obviously due to the 
fact that the current density becomes practically uniform along the face OA and 
decreases along the face BC. 

6. Range of Validity of Results and Comparison with Experiments. 

The results have shown that we may express the resistance ratio for infinite 
frequencies in the form R/R„ —f(a/b) — -v/(2<o/R 0 ). For low frequencies R/R 0 

7t 

obviously follows a different law so that for intermediate frequencies we must 
have 

R/R 0 = A + f(a/b) i V(2<*>/Ro), (15) 

the constant A having to be determined by experiment for different conductor 
shapes until such time as a solution for the low frequencies is found. 

The range of frequencies within which (15) may be expected to hold rigidly is 
fixed by the consideration that the “ effective depth of penetration,” 1 [m must 
be smaller than any of the conductor dimensions a, b or r. Actually however 
we shall probably be able to apply the results for smaller values of r than is 
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allowed by this rule without making errors which will be serious in practioe. 
Table I gives values of 1 jm for different frequencies for copper. 




Tabic 

i. 





j 50. ! 

500. j 

6000. 

1 10 s , 

| 5-10*. 

j 5-10». 

1 jm (mm.) . 

.j 9-33 

| 2*95 | 

.. 1 

0*933 

0-209 

[ 0-0933 

! 0-0295 


The only experimental results on the high frequency resistance of rectangular 
conductors are given in papers by Kennelly, Laws and Pierce,* and by Kennelly 
and Affel.f Unfortunately in both papers the conductor thicknesses chosen 
were such that the effective depth of penetration was greater than the half 
thickness of the conductor so that it is not to be expected that good agreement 
will be obtained with the theoretical results for high frequencies. 

Kennelly, Laws and Pierce made measurements over a range of frequencies 
from 250 to 5000 on copper strip conductors of thickness 0-159 cm. and ratios 
6/a of 8, 10, 24. Over the range from 1000 to 5000 cycles a relation of the form 
(15) was found with values of /(a/6) given in Table II, the theoretical high 
frequency values being added, ft will be seen that the experimental values 
are a little over half the theoretical. 


Table II. 

b / a . 

i 

8- 

I 

10. 

i 24 . 

/(<*/*> . 

1 

0*73 

0*02 ' 

0-51 

/(a/6) theoretical . 

| 1*20 

1 * 1 S 

1 1 

0-96 


The work of Kennelly and Affel was carried out at frequencies up to 10 6 
cycles, but unfortunately the conductor thicknesses were chosen to be 0*0160 
cm. and 0-0076 cm. so that again little agreement might be expected. For the 
0-0160 cm. strip the values of/(a/6) are again about half the infinite frequency 
values whilst the 0*0076 cm. strip has values for/(a/6) practically equal to 
the infinite frequency value. The agreement, however, can only be con¬ 
sidered to be accidental since a decisive experiment was performed showing 


♦ ‘ Trans. Am. Inst. Elec. Eng.,’ vol. 34, p. 1973 (1918). 
f 4 Proc. Inst. Radio Eng./ vol. 4, p. 523 (1916). 
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that true skin effect was not present. The skin effect resistance ratio was 
measured for a strip 2*2 cm. wide and 0*0076 cm. thick and found to be 1 *38 
at 10 r> cycles. It was then rolled into the form of a tube and the ratio found to 
diminish to ] *005. This shows that the increase of resistance observed for the 
flat strip is due not to non-uniformity of current in the thickness of the strip 
but to the crowding of the current to the edges of the strip. 

The results for the proximity effect are equally useless for comparison with 
theory. One striking result of Kennedy and Affel shows, however, that an 
actual decrease is possible on bringing two conductors together. The resistance 
ratio was measured for the flat strips of section 2*54 x 0*0070 cm. and found 
to be 1 *43 when isolated, diminishing to 1 *00 when separated only by a distance 
of 0*0033 cm. This large decrease is, of course, due to the proximity effect 
making the current density uniform over the inside? faces. 

It is hoped that more satisfactory experimental results will shortly be avail¬ 
able to test the theoretical work given. 

I have in conclusion to express my indebtedness to Mr. E. B. Moullin, who 
first suggested the application of the electrostatic analysis to this problem, 
and to Dr. H. Lamb for his interest in the work. 
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Relative Velocities of the Alpha-Particles emitted by certain 
Radioactive Elements . 

By G. 0. Laurence, 1851 Exhibition Scholar of Dalhousie University, Halifax, 

Canada. 

(Communicated by Sir Ernest Rutherford, P.RS.— Received November 14, 1928.) 

I. Introduction. 

The ordinary method of determining the velooity of alpha-particles depends 
on the measurement of the deflection of a beam of the rays in a magnetic held 
of known strength. The difficult measurement of the strength of the magnetic 
field gives rise to the largest source of error in the method. This source of error 
can be avoided in a direct comparison of the velocity of the alpha-particles 
with the velocity of the particles emitted by radium C', which has been measured 
accurately by Rutherford and Robinson,* and by Briggs,f with excellent agree¬ 
ment. The method depends on the use of a combined source, consisting of 
the two radioactive elements to be compared. The radius of curvature of the 
path of the alpha-particles from each of the elements is measured in the usual 
way. Then the ratio of the velocities of the alpha-particles is equal to the 
ratio of the radii of curvature of their paths (after applying a small correction 
for the increase in mass at high velocities). In this manner the velocities of 
the rays from radium C\ thorium C and O', and radium F, have been compared. 
Using Briggs* value of the velocity of the particles emitted by radium C', 
the velocities of the others are calculated from the ratios thus obtained. 

II. Apparatus . 

The apparatus is similar to that used by BriggsJ and described in his paper. 
Briefly, it consists of a rigid frame, supporting the wire source at one end, a 
partition with three slits in it parallel to the wire source in the centre, and a 
photographic plate at the other end. The distances from source to slits and 
from slits to plate were both about 10 cm., but varied somewhat with different 
measurements. This frame fits in a brass box between the poles of an electric 
magnet. The box was closed by a ground glass plate, which, when greased, 
permitted evacuation to 10~‘ mm. A windlass raised a shutter which covered 

* * Phil. Mag./ vol. 28, p. 522 (1914). 

f 4 Roy. Soc. Proc.; A, vol. 118, p. 649 (1928). 

X * Roy. Soo. Froo.; A, vol. U4, p. 341 (1927). 
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the slits while the chamber was being pumped out. The magnet and box were 
the ones used by Briggs. 

The magnetic field was excited by a 60-volt, 200 ampere-hour storage 
battery. A set of rheostats and a sensitive potentiometer-galvanometer 
circuit permitted the field current (6 amperes) to be kept constant (except for 
a slight drift discussed in Section V) to one part in 10,000 during periods up to 
9 hours. 

The sources were prepared on platinum wire of diameter 0*125 mm. and 
effective length 14 mm. Thorium active deposit was obtained on these wires 
by the usual method of exposing them, negatively charged, over radiothorium. 
Radium B and C were then distilled on the wires in a current of hydrogen 
from a piece of platinum foil previously exposed to radium emanation. 

The polonium source was prepared by electrolysis and the thorium active 
deposit added by exposure to the emanation. 

The radium CT sources were equivalent in alpha ray activity to 10 to 20 mg. 
of radium, the combined thorium sources to 0*5 to 2*5 mg., and the polonium 
to 2 mg. 


III. Measurements using Radium O' and Thorium C Sources . 

The usual procedure was to expose the plates first for about 20 minutes, 
with the magnetic field current turned off, to obtain the lines produced by the 
undeflected beam of alpha-particles. The field was then put on and maintained 
constant for about 6 to 9 hours, to obtain the deflected lines. 

The deflection of the beam of alpha-rays was measured by a microphotometer. 
Accuracy was limited by the grain structure of the plates and irregular and 
unsteady behaviour of the electrometer and photoelectric cells of the photo¬ 
meter. The effect of both sources of error is decreased by increasing the 
intensity of the lines. It was difficult to get sources on the fine wire used, of 
sufficient strength to give satisfactory line density, and although about 10 
sources were obtained, the final result is based on only 4 of these. The rest 
were discarded because the contrast between the lines and the background 
irregularities did not permit sufficient accuracy. The strongest of the dis¬ 
carded plates gave results agreeing with the final value to one part in one 
thousand. 

The photometer was of the kind designed to compare the density of the 
plate with an adjustable wedge. The intensity of the light transmitted was 
measured by a photoelectric cell and Lindemann electrometer. A second cell 
in the circuit compensated for variations in the intensity of the light source. 
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The compensation is not perfect, however, because the relation between 
light intensity and' current is not perfectly linear, and the areas of the photo¬ 
electric cell, where the light from the wedge and from the plate strike it, differ 
somewhat in properties. As a result, the variation in the Pointolite lamp source 
usually makes a slight change in the measured density of a point on the plate 
during the time taken to measure a line. A number of points on the photo¬ 
meter curve were always checked before removing the plate from the instru¬ 
ment and if a ohange sufficient to cause appreciable error was found, the line 
was remeasured. A line on one of the plates had to be measured four times 
before the check was satisfactory. 

The photometer curve of one of the plates is shown in fig. 1. The sloping 
sides of the peaks are almost straight over the central two-thirds of their 
height. A slight convexity (too slight to show in fig. 1) is straightened by a 



> Undefleoted Line. ThC. RhC'. ThC'. 

Fjq. 1. 

process which is equivalent to raising the intensity to a power slightly greater 
than one. The position of the line is taken as the abscissa of the interaection of 
the straight line sides of the peak produced upwards. The ratio of the velocities 
of two beams is equal to the ratio of their radii of curvature. The latter are 
obtained from the expression, which may readily be derived,* 

P - (V + d*)* [(lj + + d*3*/2df» 

where d is the distance between the deflected and undefleoted lines, is the 
distance from source to slit, i 4 from slit to photographic plate. A 

* Of. Briggs, ‘ Roy. 8oc. Proc.,' A, vol. 114, p. 841 (1927). 

VOL. OXXO.—A. 2 N 
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relativity correction for the mass of the moving alpha-particle must be applied 
to the ratios. A further correction for the variation in the magnet field strength 
(see Section V) is applied. 

Two of the plates are shown in fig. 2, a and b. 




Fio. 2. 


IV. Measurements using Radium F and Thorium C Sources. 

Two photographs were obtained with combined radium F and thorium C 
sources. The deflected lines were exposed first for about 5 hours and the 
undeflected ones for an hour and a half. The lines were found to be hazy on 
the low velocity side. This appeared to be due to impurities deposited on the 
wire with the polonium during electrolysis. The thorium deposit apparently 
penetrated the impurities to some extent. Briggs had a similar experience 
with electrolytic thorium sources. The high velocity tides of the peaks, 
however, were very sharp, and, when corrected for widening due to the obliquity 
of the beam to the photographic plate, had very closely the same slope as the 
undefleoted lines. In this case the position of the line was taken to be (he 
abscissa of the intersection of the straight line slope produced down to meet the 
background intensity. The alpha-particles coming to this edge of the undeflected 
line do not hit the plate perpendicularly, so the corresponding correction, 
amounting to 0-01 per cent, was calculated and applied to the results. One 
of the plates is reproduced in fig. 2c. 
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Y. The Magnetic Field. 

Although, as already mentioned, the current through the magnet was kept 
quite constant, the actual magnetic field strength varied by a few tenths of a 
per cent, during a run. Thermal changes in permeability,* fatigue effects,f 
and hysteresis creepage caused by the small fluctuations in the exciting current 
probably account for this variation. The effect was measured by comparing 
the magnet field with the field of an air core solenoid by a null deflection method. 
Two search coils, one in the magnet field and the other in the solenoid field, 
were fastened rigidly to a single shaft so that they might be turned over 
together by rotating the shaft. They were connected in series to a sensitive 
galvanometer. The current through the solenoid was adjusted until the 
galvanometer was not deflected by rotating the search coils. Since the field 
of the air core solenoid was proportional to the current flowing through it, 
the percentage variation in the magnet field was equal to the percentage 
variation in the solenoid current required to restore the balance of the search 
coil circuit. The need of a second battery, controls and observer was avoided 
by connecting the solenoid, Bhunted to an adjustable resistance, in series with 
the magnet. The current through the solenoid was varied by adjusting the 
shunt resistance and the change measured by a milliammeter in series with the 
shunt. (Since the total current through the solenoid and shunt was kept 
constant, the increase in the current through one was equal to the decrease in 
the current through the other.) With this arrangement variations could be 
measured to 0*003 per cent, of the total field strength. 

The variation in the magnet field strength, under the conditions of the 
velocity measurements, is plotted against time in fig. 3. As the rates of decay 



Fig, 3. 


* Curie, ‘ Ann. Chem. Phyg.,' vol. ft, p. 289 (189ft), and others, 
t See for example Bosorth, ‘ Phys. Rev.,’ vol. 32, p. 124 (1928). 

2 N 2 
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of the radioactive elements were quite different, the mean field intensity 
during the exposure of the lines was not quite the same for all of them. The 
corresponding corrections were calculated for each plate from curve 3 and 
applied. It was found that the length of the central upward sloping part of 
the curve depended on the previous history of the magnetic field, but its slope 
and the shape of the rest of the curve were practically unaffected. Under the 
conditions of the actual velocity measurements, the length of this part of the 
curve varied by about 15 per cent. For this reason the size of the corrections 
is inaccurate to 0*02 per cent, of the final results. 

The magnet exciting current was measured by finding the drop in potential* 
across a 0*1 ohm standard resistance connected in series. The resistance of 
this increased about 0*05 per cent, due to heating during the measurement. 
This change was measured by a simple Wheatstone Bridge. The resistance 
was plotted against time, and the necessary corrections found from this curve 
were applied to curve 3. 

The residual field of the magnet averaged ± 10 gauss. This results in a 
probable error of 0*015 per cent, in the radium F-thorium C' ratio and smaller 
errors in the other ratios. This source of error might have been avoided by 
measuring the residual field each time, but unfortunately its size was under¬ 
estimated until it was actually measured after the work was completed. 

VI. Other Sources of Error . 

Error may result from shrinkage or expansion of the gelatin on the photo- 
graphic plates. This was investigated by exposing a photographic plate 
under a stencil. When the stencil was replaced over the developed image, no 
difference between the size of the stencil and the image was found on either dry 
or humid days, although a difference in length of 0*005 per cent, could easily 
have been detected. 

Inaccuracy of the photometer screw introduces quit© negligible error in the 
method, provided the pitch of the screw is uniform throughout its length. 
This was tested by using different parts of the screw in measuring the distance 
between two scratches on a blackened microscope Blide. These measurements 
agreed to within 0*01 per cent. 

Considerable error may arise from a slight tilt of the photographic plate 
with respect to the plane perpendicular to the undeflected beam of alpha- 
particles. The slope of the plate holder was adjusted by sensitive method 
depending on the reflection of a normally incident beam of light, so that the 
errors due to such a tilt are less than 0*01 per cent. 
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The errors in measuring l y and l 2 , (Section III), produce a negligible error in 
the result. 

VIII. Results. 

The results, fully corrected for variation in the field strength and relativity 
mass, are given in Table I. The weighted means are probably correct to 


Table I. -Ratios of Velocities of Alpha-Particles. 


Plate. 

ThO'/RaC'. 

Weight. 

ThO'/ThC. 

Weight. 

ThC'/RaF. 

Weight. 

12 

1*0681 

1 

1-2018 

1 

1 


0 



1*2014 

1 



13 

1 0677 

1 j 


i 

! 


5 

1*0680 

1 

1*2015 

i 



14 



1*2015 

* 

1*2899 

4 

15 



1*2021 

i 

1-2904 

4 

Weighted 

1*0079 ±1 

>■0003 

1-2017 ± < 

1-0003. 

1 -2902 ± 0 

-0000 

mean 








0-08 per cent. The weights are assigned on consideration of the degree of 
contrast of the plates. The velocities were found to be in the proportions : - 

Radium F : Thorium C' = 0-8277 :1 -0679 
Thorium C : Radium C': Thorium C' = 0-8885 :1-0000 :1 -0679 

Using Briggs’ value of the velocity of RaC' alpha-particles 1-923 x 10® 
cm. /sec., the others are calculated to be:— 


Thorium C . 1-709 x 10® cm./sec. 

Thorium C' . 2-054 x 10® cm. /sec. 

Radium F . 1-592 X 10® cm./sec. 


The probable error in the velocity of the alpha-particleB from RaF is 0-16 
per cent., and from ThC and ThC' is 0-1 per cent. 

By direct measurement, Mile. Curie has found the velocity of RaF alpha- 
particles to be 1-593 X 10° cm./sec., a value in good agreement with that 
obtained above. 

The Kinetic energies are in the proportion:— 

Radium F : Thorium C' = 0-6842 : 1-1407 
Thorium C : Radium C' : Thorium C' » 0-7888 : 1 0000 : 1-1407, 

with a probable error of 0-1 per cent. 

In Table II the above velocities are tabulated with those obtained by Briggs, 
and those calculated from the ranges by the Geiger formula, V = 3 -y/a R. 
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Briggs’ measured velocity of BaC' alpha-particles, 1 -923 X 10® cm./aec., is 
taken as the standard for these calculations, and the ranges used are the 
extrapolated ranges’® found by Henderson for BaC' and ThC, and by Geiger for 
BaF. The difference between the calculated ranges and the ranges obtained 
from these measurements is considerably greater than the probable experi¬ 
mental errors. In fig. 4 the excess of the experimental range over the calculated 



is plotted against the range. The curve gives the correction to be added to 
the expression (oB)* when calculating the velocity of alpha-particles from 
their extrapolated range B, where a has the value 1*0228 X 10 _w cm.*/sec*. 

Although the extrapolated range has perhaps less theoretical significance 
than the various kinds of “ mean range ” obtained by other methods, and 
differs considerably from them, it has been used in the above calculations 
because it has been measured in almost the same way for most of the alpha- 
particles emitted by the radioactive elements. It is possible to calculate 
corrections to be applied to this range to obtain the others, but it is found that 
the probable error in the corrections is very large and probably considerably 
greater than the errors in the measurements. Even the other ranges are not 
the B of theory, so that it is best for purposes of interpolation to use con¬ 
sistently the kind of range which has been measured accurately for the greatest 
number of substances. 

The author desires to thank Sir Ernest Butherford for his encouraging 
interest in this work. He is very gratefully indebted to Mr. J. P. Gott for his 
invaluable assistance in the magnetic field measurements. 

* The expression “ extrapolated range ” is used lor brevity to mean the range obtained* 
by these and other authors, by produoing the nearly straight oblique port of an Ionisation 
owe, downwards to intersect the range axis, and taking the abscissa of the intersection 
(measured, of course, from that representing the position of the souroe). 
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Table II. 


Nubfttauoe. 

! 

' Range. 

Velocity 

from 

1 

Measured 

▼elooity. 

Velocity 
from Briggs' 
ratios. 

Velocity 
from these 
measurements. 



! 

i x 10* cm./sec. 

i 

x 10* cm./sec. 

x 10* cm. /sec. 

xl0*cm.^ec. 

RaC' 1 

i 

6-953 

(Henderson) 

1023 

(Briggs) 

— 

— 

ThC 

i 

4*778 

(Henderson) 

| 1-697 

i i 

1-705 

J 

1-709 

ThC' 

i 

8*616 

(Henderson) 
f 8*87 

| 2*065 

1*682 1 


2*053 

2*054 

RaK 

J (Curie) 

T 3-926 

l (Geiger) 

1-588 J 

1-693 

(Curio) 


1*692 


Summary. 

The ratio of the velocities of the alpha-particles from RaC', ThC, ThC' and 
RaF was measured by the magnetic field method and was found to be 
RaF : ThC : RaC' : ThC' = 0 -8277 : 0 -8885 : 1-0000 : 1-0679, 

with a probable error of 0 • 05 per cent. Using Briggs’ value of the velocity 
of RaC', 1-923 X 10° cm./sec., the velocities are calculated to be :— 


Thorium C . 1-709 X 10® cm./sec. 

Thorium C' . 2-054 x 10® cm./sec. 

Radium F . 1-592 x 10® cm./sec. 
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The Products of Partial Hydrogenation of Higher Monoethylmic 

Esters . 

By T. P. Hilditoh, D.Sc. ? and N. L. Vidyabthi, Liverpool University. 

(Communicated by E. F. Armstrong, F.R.S.—Received November 14, 1928.) 

The formation of “ iso-oleic ” acids during hydrogenation of oleic (A 8: *°- 
ocfcadecenoic) acid or its esters is of importance in connection with the general 
theory of catalytic action at solid surfaces.* The constitution of these iso- 
meric acids has therefore been re-examined by means of the oxidising action of 
potassium permanganate upon hot acetone solutions of their unsaturated 
esters, a method which has been shown to break such compounds up almost 
quantitatively into derivatives of the corresponding monobasic and dibasic 
acidsf:— 

0H 3 . [CH J x . CH : CH . [CH*] y . COOR - CH 3 . [CH*]x . COOH 

+ COOH . [CH*] y . COOR. 

MooreJ has already shown that during hydrogenation a state of equilibrium 
is reached between the amounts of ordinary oleic acid present and the isomeric 
forms, and that the latter include elaidic acid together with one or more iso- 
oleic acids produced by migration of the ethylenic linkage (A 11; 12 -octadecenoic 
acid being suggested as a possible product). 

Our present results indicate that cis - and tfrans-modifications of each iso* 
meric oleic acid are formed, and that the iso-oleic acids in which migration of 
the ethylenic linkage has occurred have the latter in either of the two positions 
adjacent to the original : thus, from A 9:10 -octadeoenoic acid are obtained 
both A 8:9 -and A 10: n -octadecenoic acids. This state of affairs holds in the 
case of the partially-hydrogenated methyl ester of ordinary oleic acid, and also 
in those of palmitoleic (A 9 : 10 -hexadecenoic) acid from whale oil, and erucic 
(A 18 :, 4 -dooosenoic) acid from rape or mustard seed oils. 

Following Moore’s observation that equilibrium between the various iso¬ 
meric oleic acids is reached after about one-third of the ethylenic compounds 
have been converted into the saturated derivatives, methyl oleate, methyl 
palmitoleate and methyl erucate were treated with hydrogen in presence 

* Of . Armstrong and Hildifcch, * Roy. 8oc. Proc,,* A, vol. 96, p. 826 (1919). 

f Armstrong and Hilditoh, ‘ J. Soo. Chem. Ind.,* vol. 44, p. 43 T (1925). 

J 4 J. Soo. Chem. Ind.,’ vol. 38, p. 820 T (1919). 
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•of nickel mounted on kieselguhr, at temperatures varying from 114° to 220°, 
until their iodine values were reduced by about 30 per cent. 

An attempt was made to effect a separation of the iso-oleic acids by frac¬ 
tional precipitation as lead salts from solution in alcohol.* The lead salts of 
the isomeric solid oleic acids were, however, closely similar in solubility, 
so that little or no separation resulted. This procedure nevertheless per¬ 
mitted us to obtain a specimen of the “ liquid oleic acids M free from solid 
iso-oleic acids, and oxidation of the methyl esters from this fraction showed 
that, in addition to ordinary A 9:10 -oleic aoid, subsidiary quantities of A 8: 
and A 10: u -octadecenoio acids were present in £he form of acids which 
furnished soluble lead salts (cf. p. 560). 

The conclusions now put forward are based mainly upon the results of direct 
oxidation of the partially-hydrogenated esters, followed by resolution of the 
resulting mixture of monocarboxylic and dicarboxylic acids. The latter has 
been carried out in more detail than formerly : the mixture of monocarboxylic 
and dicarboxylic acids was first heated under diminished pressure until prac¬ 
tically all the former had distilled over, after which the residue was converted 
into acidic chlorides by means of thionyl chloride and then heated with methyl 
alcohol, the dimethyl esters of these acids being subsequently obtained free 
from acidic products and fractionated in a vacuum. The distillate of mono- 
carboxylic acids was converted into methyl esters in presence of 2 to 3 per cent, 
of sulphuric aoid and the latter were purified and also fractionally distilled. 

We rely mainly upon the evidence afforded by the dicarboxylic acids, the 
identity of which has been satisfactorily established; to some extent, also, 
the separation of these is of a quantitative character, and a rough indication 
can be given of the probable proportions of the isomeric acids present. The 
fractional distillation is, however, not so easy as in the case of methyl esters 
of the higher natural fatty acids, and the equivalents of the products are too 
close to permit of any accurate calculation being made. The monocarboxylic 
acids are still less suited to quantitative treatment; their examination has 
led, nevertheless, to the qualitative identification of components present, and 
serves to confirm conclusions drawn from the dicarboxylic acids. 

Since the results show consistently that, commencing for example with 
A® : l0 -oleic acid, a mixture of A 8:9 ~, A 9:10 - and A 10: u -octadecenoic acids is 
obtained, it is necessary to be assured that the A 8: and A 10: u -acid products 
have not been formed as a result of secondary oxidation of A° ! 10 ~ and (passible) 
A n ; 14 -acids, more especially as it is known that dicarboxylic acids of the even- 
* 0/. Twitchell, * J. Ind. Eng. Chem.,’ vol. 13, p. 806 (1921). 
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number series are more stable than the adjacent members of the odd-number 
series.* That permanganate-acetone oxidation of methyl oleate and similar 
esters is not accompanied by any secondary oxidation of the primary acidic 
products is proved by the facts that oxidation of methyl oleate, methyl 
palmitoleate and methyl erucate yields in each case only one monocarboxylie 
and one dicarboxylic acid, and that the products all belong to the odd- 
number series. As will be seen later, identification of the even-number di- 
oarboxylic acids is very easy owing to their relative insolubility in chloroform 
and, whilst we have invariably observed their presence readily in the oxidation 
of partially-hydrogenated esters, we have never detected them when the esters 
of the natural, non-hydrogenated acids have been similarly oxidised. More¬ 
over, the monocarboxylie acids have always been found to correspond with the 
dicarboxylic acid scission products ; for example, from partially hydrogenated 
A 0110 -oleic acid we have obtained suberic, azelaic and sebacic acids (but no 
undecane - dicarboxylic acid)t together with deooic, nonoic and octoie acids. 

The data obtained may be summarised conveniently in tabular form, show¬ 
ing (i) the scission-products which have been identified, and (ii), from the di¬ 
carboxylic esters, a very rough indication of the probable equivalent pro¬ 
portions of the various isomeric acids present. 

It is clear that in all cases ethylenic linkages appear in adjacent positions 
to that occupied by the original centre of unsaturation. The proportion of 
iso-oleic acids formed appears to vary with the length of the carbon chain, 
in addition to the already recognised variation with the temperature of hydro¬ 
genation. 

It was emphasised by E. F. Armstrong and one of the present authors! that 
the production of “ iso-oleic acids of hydrogenation ” was important evidence 
of the association of the organic compound undergoing change with the metal 
catalyst at the surface of the latter ; and it was suggested that, whilst formation 
of geometrical isomerides might proceed, without actual hydrogenation, during 
adsorption and desorption of an ethylenic compound at the catalyst surface, 
the production of iso-oleic acids in which migration of the double bond had 
taken place was probably due to dehydrogenation of the freshly-formed saturated 
ester at a preferred position in the carbon chain. 

* C/. CJhallenor and Thorpe, ‘ J. Chera. Soc.,’ vol. 123, p. 2480 (1923). 

t We have named the higher dicarboxylic aoids according to the total number of 
carbon atoms present; c.g . COOH . [CH f ] t . COOH has been called undecane-dicarboxylie 
acid. 

J Loc. cit. 
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Eater partially 
hydrogenated. 

Temp¬ 

erature. 

Oleic acids 
observed, 

J**-octadeceuoio 

JlOtli 

A* iU 

Approxi¬ 

mate 

propor¬ 

tions. 

Dicarboxylio 

acids 

identified* 

Monooarb- 

oxylic 

acids 

present. * 

Methyl oleate ( A % '*°- 
octadeoenoate)* 

0 

217-220 

114-118 

7 

10 

7 

1 

! 

Suberic . 

Azelaio . 

Sebaoio . 

Dodecane dicarb- 
oxylic 

Docoic. 

Nonoic. 

Ootoic. 

Hexoio. 

A 9 # -oetadeeenoio 

A* 

A**" 

d“ ! “ „ 

7 

10 

3 

1 

Suberic . 

Azelaic . 

Sebacio . 

Dodecane dioarb* 
oxylic 

Deeoic. 

Nonoic, 

Octoic, 

Hexoic. 

Methyl palmitoleate 

170-180 

A*' 8 -hexadeoenoio 

r, 

Suberic . 

Ootoic. 

(4 8;t0 -hexadece- 


A 8:10 

10 

Aselaic . 

Heptoic, 

noate) 


4“ sU tf 

5 

Sebacic . 

Hexoio. 

Methyl erucate 

200 

J l2:1 *-dooosenoic 

— 

Dodecane dicarb¬ 

i 


( 14 -dooG8cno- 




oxylio 



ate) 


d W!lf 

— 

Tridecane dicarb- 


Not 





oxylic 

(brassylio) 


* examined. 



(ju H „ ) 

— 

? Tetradecane di¬ 







carboxylio 

j 



* This eater contained a small proportion (about 3*5 per cent.) of methyl linoleate. 

The small amount of d la u -outacleoenoic acid observed in each of the products from methyl 
oleate is considered almost certainly to have been produced by concurrent hydrogenation of 
methyl linoleate, which was present in small quantity in the original ester employed (c/. the 
following communication, p. 567). 

In the case of partially hydrogenated methyl eruoate, the highest dicarboxylio ester was left 
almost entirely in the distillation residue, and in consequence was not satisfactorily character¬ 
ised ; the data in this instance were not adapted to a quantitative estimate (c/, p. 562). 

The data now put forward enable this explanation to be re-stated in a more 
simple form. If, in the association of an ethylenic linkage with nickel 


—CH 2 —CH a —CH==CH—CH a —CH a ~- 


—Ni —Ni— 

followed by union with hydrogen and formation of the corresponding saturated 
compound, the possibility of reversal of the process (dehydrogenation) before 
the saturated compound leaves the catalyst surface is considered, it appears 
most likely that such dehydrogenation will occur in the same position as that 
occupied by the original double bond, and lead to the formation of the original 
ethylenic compound or its geometrically isomeric form. Alternatively, de¬ 
hydrogenation may ensue on either side of either of the carbon atoms which. 
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as components of the original ethylenic linkage, were brought into association 
with the catalyst. 

We are thus led to ascribe the formation of both geometrical and structural 
isomeric forms of oleic acids during hydrogenation to the operation of reversed 
hydrogenation (dehydrogenation) prior to the dis-association (or “ desorption ”) 
of the freshly-formed saturated compound from the catalyst surface. This 
point of view also conforms with Moore’s observation* that no isomeric oleic 
acids are produced unless hydrogenation is actually proceeding. 

It would seem likely that the presence of a somewhat lengthy, unsubstituted, 
skeleton of carbon atoms is necessary before isomerisation of this kind is 
developed to any extent, since it has so far only been met with in the case of 
the higher unsaturatecl fatty acids and esters. In the hydrogenation of 
unsaturated cyclic compounds, terpenes and other derivatives, it most 
frequently happens that unsubstituted chains of carbon atoms are not con¬ 
tiguous to the unsaturated centres ; (the presence of substituents, even the 
simplest alkyl groups, is known to exercise considerable influence on the course 
of hydrogenation).! On the other hand, the production of a mixture of geo¬ 
metrical isomerides during hydrogenation is a frequent phenomenon, for 
example, in the case of substituted phenols, such as thymol or the cresols. 

Preparation of the PartiaUy-hydrogenated Esters. 

Methyl Oleate .—The oleic acid was derived from olive oil and had been 
purified from saturated acids and linoleic acid in the usual manner. The 
methyl oleate from the purified acid was distilled under reduced pressure 
(iodine absorption 89*0 per cent., corresponding to a content of 3-5 per cent, 
of methyl linoleate). 

Methyl Palmitoleate. .This was prepared from pure palmitoleic acid isolated 

from whale oilj and had an iodine absorption of 93 *0 per cent. 

Methyl Erueate .—This was obtained by redistillation of fractions of the 
almost pure ester obtained in the course of analyses of rape and mustard seed 
oils ;§ it contained small amounts of methyl oleate and of higher saturated 
methyl esters and possessed an iodine absorption of 71 *3 per cent. 

Each ester was hydrogenated at the desired temperature in presenoe of 
nickel mounted on kieselguhr (15 per cent. Ni); the concentration of metallic 

* IjOC . cU p. 323 T. 

t Lebedev, Kobliansky and Yakubchik, * J. Chem. Soc.,’ vol. 127, p. 417 (1925). 

t Armstrong and Hilditch, * J. Soo. Ohem. Ind.,* vol. 44, p. 181 T (1925). 

$ Hilditoh, Riley and Vidyarthi, * J. Soc. Chem. Ind.,’ vol. 46, p. 462 T (1927). 
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nickel present with the ester was about 0*5 per cent. The following figures 
show the extent of hydrogenation in each case studied :— 


Ester. 

I 

Temperature. 

Hydrogenated ester. 
Iodine absn. per oent. 

Methyl oleate (125 g.) . 

! 

| 217-220 

54*4 

(160 g.) . 

! 200 

56*2 

.. (HO g.) . 

I 114-118 

59*4 

Methyl palmitoleate (100 g.) . 

1 170-180 

00*2 

Methyl erucatc (107 g.). 

! 200 

45-3 


Oxidation of the Partially-hydrogenated Esters . 

The ester (1 part) was dissolved in acetone (10 parts) and to the solution 
powdered potassium permanganate (3 parts) was gradually added, the mixture 
being thoroughly shaken after each addition and maintained in a state of 
gentle ebullition under a reflux condenser; subsequently, it was refluxed 
for a short time and the acetone removed by distillation. The residual solid 
cake was mixed with sodium bisulphite and dissolved in hot water, when 
dilute sulphuric acid was added until all the manganese compounds present 
had been reduced to the manganous condition. The, cooled decolorised solution 
was extracted with ether, and the ethereal extract washed with dilute sodium 
carbonate solution to remove the acidic oxidation produots. The neutral 
esters recovered from the ether still contained, as a rule, some unattacked 
oleic esters, and were therefore submitted to a repetition of the oxidation 
process. There was eventually obtained (a) neutral saturated material of 
negligible iodine absorption, and (6) a mixture of acidic products of oxidation 
(free monocarboxylic acids and monomethyl esters of diearboxylic acids). 

The acidic products were boiled for some time with aqueous caustic soda and 
the mixture of free mono- and di-carboxylie acids recovered and distilled from 
a plain Willstatter flask under low pressure. Practically all the mono¬ 
carboxylic acids distilled over, accompanied by only small proportions of the 
most volatile diearboxylic acids present, whilst only minor amounts of the 
least volatile monocarboxylio acid remained in the residue. This procedure 
gave a more complete separation than fractional distillation of the mixed 
mono- and di-carboxylic esters, or their separation by the use of a solvent such 
as petroleum ether. 

Each group of acids was converted into neutral methyl esters and fractionally 
distilled under reduced pressure. 
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The various fractious of esters obtained were hydrolysed and the free adds 
examined. Attempts to separate the homologous dicarboxylio acids by 
selective crystallisation or precipitation in the form of magnesium or other 
salts were unsuccessful, but it was found comparatively easy to separate 
an acid containing an odd number of carbon atoms from one containing an 
even number of carbon atoms by taking advantage of the relatively sparing 
solubility of the latter in chloroform. 

Methyl OUate (Hydrogenated at 217-220°). 

The partially-hydrogenated ester (115 g.) yielded on oxidation (a) neutral 
material (39*4 g., iodine absorption 0*1 per cent.—methyl stearate produced 
during hydrogenation), and ( b) acidic products which were resolved as described 
into monooarboxylic acids (34 g.) and dicarboxylic acids (41 g.). 


Dicarboxylic Esters. 


No. 

9 * 

B.p./O*0 mm. 

Equivalent. 

Dioarboxylio acids identified. 

1 

3*1 

o 

62-89 

1030 

Suberic 139-140° (139-140°*) (equivalents founds 





86*8; oalo. 87-0). 

2 

7*7 

89-91 

104*5 

Suberic 139-140° (139-140°); aaelaio 103-108* 




j 

(103-104°). 

3 

3*1 

92-93 

; 108*0 


4 

2*2 

94-98 

1 111*5 

Azelaic add, 105°; sebacio add 129-130°. 

0 

1-8 

98-106 

114*4 

Sebadc add, 130°. 

0 

7 

1*9 

4*5 

105-113 

Residue 

117*3 \ 
136*0 / 

j Sebado aoid, 181°, and an add, m.p. 100-107° 
(indef.)f, which was apparently a mixture of 
sebadc and dodecane dicarboxylio acids (equiv¬ 


24 






alent, found, 113*2). 

_ 




1 


* Melting-points in brackets are those of mixtures with authentic specimens, 
t Mixed melting-point tests indicated that this acid was neither azelaic nor undecane di 
carboxylic acid. 

The last fraction and the residue contained small quantities of a dicarboxylio add of higher 
molecular weight than sebacio acid—probably dodecane dicarboxylio add, C lt H n 0 4 , from the 
oxidation of d“ : “-octadeoenoic aoid emanating from the small amount of methyl Unoleate 
originally present. 

MonocarboxyUo Esters. 


No* 

9 * 

B.p./15 mm. 

i 

Equivalent. 

1 

1*9 

0 

65-80 

143 

2 

1*8 

80-87 

148 

8 

2*2 

87-93 

148 

4 

2*1 

93-96 

164 

6 

31 

97-103 

161 

0 

8*6 

103-115 

161 

7 

4*2 

Residue 

100 


239 
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The lower fractions contained an ester, of lower molecular weight than methyl 
caprylate, which appeared to be methyl caproate from oxidation of A 1 * : IS - 
octadecenoic acid (already mentioned as emanating from the small amount of 
methyl linoleate originally present). 

Fractions 6 and 7 consisted mainly of methyl nonoate, admixed with methyl 
caprate and some methyl suberate ; the free acids from the esters yielded a 
portion soluble in hot water which, after crystallisation from chloroform, 
melted at 134-136° ; the water-insoluble portion was fractionally separated 
from alcohol in the form of lead salts, the least soluble of which yielded a 
solid acid which melted at 25-26° after crystallising from dilute alcohol (capric 
acid, m.p. 31°). 

The lithium salts of the acids from fraotion 4 were crystallised from 70 per 
cent, alcohol, and the acid liberated from the crystals obtained melted at 10- 
11° (caprylic acid, m.p. 13°). 

Occurrence of Isomeric Oleic Acids in the “ Liquid ” Oleic Acids of Hydrogenation. 

Some evidence that both geometrically isomeric forms of A 8: a - and A 10:u - 
octadecenoic acids were present was obtained by fractional precipitation of 
the hydrogenated acids in the form of lead salts. The fatty acids (140 g.) 
(from methyl oleate which had been hydrogenated at 200° C. until the iodine 
absorption was 56-2) were dissolved in 95 per cent, alcohol (700 c.c.) and to 
the boiling solution was added a hot solution of lead acetate (26 g.) in alcohol 
(700 c.c.). After standing overnight the deposited lead salts were filtered 
from the cold solution, and the latter was heated to boiling and mixed with 
a further solution of lead acetate (25 g.), alcohol being distilled off so that the 
bulk of the final mixture was maintained the same as in the first case. This 
procedure was repeated until no further deposit of crystalline lead salts was 
obtained. The acids recovered from the lead salt fractions were as follows:— 


No. ! 


Iod. aban. 

j 

1 

38-8 

208 

1 Mainly stoario acid. 

2 

307 

64-8 

Some eteario acid present. 

3 

10*3 

72*2 


4 

17 0 

73*7 


5 

42*0 

71-6 

Adda from soluble lead salts finally left in solution. 


Fractions 2 and 4 were reconverted into methyl esters and oxidised as 
described above, followed by examination of the dicarboxylic acids produced; 
it was found that azelaic acid, together with subsidiary amounts of suberic 
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and sebacic acids, was present in each case. In other words, the “ solid ” 
iso-oleic acids thus separated were always mixtures, and no selective precipita¬ 
tion of one or other isomeride could be attained (cf. p. 553). 

Fraction 5, comprising the acids which yielded freely soluble lead salts, was 
converted into methyl esters, the latter (35*3 g.) were subjected to the oxida¬ 
tion process, and the dimethyl esters of the resulting dicarboxylic acids were 
fractionally distilled 


No. 


1 

2 

3 

4 


ff* 

B.p./0*5 mm. 

i 

i Equivalent. 

3-4 

....; | 

75-85 

1 

107*5 

4*1 

86-99 

106*4 

3*1 

101-103 

111*6 

3*5 

Residue 

116*0 


Acids identified. 


Suberic, 137-138° (130-139°). 

Suberio, 137-188° (138-139°); azelaic, 102-103°. 
Azolaic, 102-103°. 

Sebacic, 120-127° (129-130°). 


U* 1 


This result shows that the A 8: and A 10; 11 -octadecenoic acids are present 
in forms which give rise to comparatively soluble lead salts, i.e., in cts- as well 
as irans-modifications. 


Methyl Oleate (Hydrogenated at 114-118°). 

The partially-hydrogenated product (93 g.) was oxidised as above, and gave 
neutral (non-oxidised) products (29 g,, iodine absorption 1*1 per cent., i.e., 
methyl stearate), monocarboxylic acids (23 g.) and dicarboxylic acids (38 g.). 


Dicarboxylic Esters. 


No. 

9- | 

B,p./0*5 mm. 

j Equivalent. 

Dicarboxylic adds identified. 

1 

6*3 

o 

60-85 

! 

115*5 

Suberic, 138-189° (133-139°); azelaic, 108-104* 
(103-104°). 

2 

10*2 

85-86 

104*0 

Suberic, 130-140° (130-140°); azeiaio, 102-103°. 

3 

6*7 

87-90 

106*0 

Suberic (small quantity); azelaic, 102-103°, 

4 

3*9 

91-95 

107*0 

6 

2*3 

96-105 

112*0 

Sebaoic, 129-130° (131-132°). 

6 

7*1 

36*6 

Residue 

118*0 

Sebacic, 127-128° (131-132°); dodecane di- 
carboxylic acid (?). 
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Monocarboxylic Esters. 


No. 

9- 

B.p./lO mm. 

Equivalent. 

1 

1 

2*5 

o 

46-55 

1430 

2 

6*2 

55-62 

157*0 

3 

1 5*6 

02-65 

162*4 

4 

5*2 

Residue 

187*6 

l 

! 

18*4 




The individual fractions of the monocarboxylic esters were not closely 
examined. 

Methyl Palmitoleate {Hydrogenated at 170-180°). 

The hydrogenated ester (97 g.) was oxidised as in the previous cases, when 
there were obtained neutral (non-oxidised) esters (32-5 g., iodine absorption 
0*7 per cent, —methyl palraitate), monocarboxylic acids (14*5 g.) and di- 
carboxylic acids (34*7 g.). 

Dicarboxylic Esters. 


No. 

9- 

B.p./0* 3 mm. 

i 

j Equivalent:. 

IHcarboxylio acids identified. 

1 

2*7 

o 

70-85 

106*8 

Suberio. 139-140° (139-140°); azelaio, 103-104° 




! 

(103-104°). 

2 

3*8 

85-91 

101*5 

Suberic, 139-140° (139-140°); azelaic, 103-104° 





(103-104°). 

3 

7*9 

91-95 

107*2 

Suberic, 139-140° (139-140°); ainelaio, 102-103° 





(104-105°). 

4 

6*0 ! 

95-100 

111*0 


6 

! 2*9 

100-106 

112*0 

Aaelaic, 104-106° (104-105°). 

6 

6*2 

Residue 

126*9 

Sebaoio, 129-130° (130-131°), 


29-6 





Monocarboxylic Esters. 


No. 

?* 

B.p./760 mm. 

Equivalent. 



o 


1 

1*7 

, 140-150 

130*1 

2 

20 

150-160 

139*0 

3 

2*7 

160-165 

143*0 

4 

5*9 

165 

151*8 

5 

0*8 

Residue 

Not examined 


13*1 

' 



2 o 


von. cxxii.—a 
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The dicarboxylic acids identified were again suberic, azelaic and sebaeic ; 
whilst the complementary examination of the monocarboxylic esters gave a 
general indication of the presence of methyl heptoate (equivalent 144) in 
quantity, together with an ester of higher and of lower molecular weight, at 
the same time not disclosing the presence of any ester lower than methyl 
hexoate. 

Methyl Erucate (Hydrogenated at 200°). 

The hydrogenated ester yielded on oxidation neutral (non-oxidised) products 
(32 g., iodine absorption 1*2 per cent.- -methyl behenate), monocarboxylio 
acids (16 g.) and dicarboxylic acids (34 g.). 

Dicarboxylic Esters. 


No. 

V j 

B.p./0*3 mm. 

j Equivalent, 

i 

Dicarboxylic acids identified. 

1 

4 2 

100-110 

i 

; 124*0 

Suberic, 138 : (trace); dodecano dicarboxylic 




! 

acid, 124-125°. 

2 

5*9 | 

112-120 

121*9 

Dodecane dicarboxylic acid, 124—125“. 

3 

B ’ 8 i 

121 127 

130*0 

Dodocane dicarboxylic acid, 124-126° (equivalent 
found, 115*2 ; calc. 115). 

4 

i 4-fi 

127 133 

137-8 

Brassylic (tridoeanc dicarboxylic), 110-111° (111- 


i . 1 


: } 

112°). 

5 

! 2*9 ! 

135-140 

137*8 J 

Brassylio, equivalent found 123*0 ; calc. 122. 

6 I 

7*fi 1 

_i 

Residue 

j 150*3 

? Tetradecane dicarboxylic acid.* 


33-5 

1 


i 



* The residue contained an unusually large amount of decomposition products, including 
traces of saturated higher fatty acids ; the latter were removed by solution in petrol ether, 
whilst neutral products were subsequently extracted with ether from a solution of the sodium 
salts ; the recovered, purified acids had an equivalent of 125, corresponding with a mixture of 
tri- and tetradeoaue carboxylic acids, but we did not sucoeed in isolating any individual acid by 
crystallisation. 

In view of the indefinite evidence as to the last-named acid, and also of the 
evident presence of the isomeric acids emanating from the small amount of 
oleate present in the original methyl erucate, we have not felt justified in 
attempting any approximate estimate of the proportion of the isomeric erucic 
acids of hydrogenation formed. From the qualitative evidence, however, it 
is clear that in addition to A 13:14 -docosenoic acid, the isomeric A 12 : ia -acid was 
present in quantity, whilst another acid, almost certainly A u: ir ’-docosenoic, 
had also been produced. 
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Summary. 

The isomeric forms of the higher monoethylenic fatty acids which are pro¬ 
duced during hydrogenation have been proved, in the ease of methyl ole ate, 
methyl palmitoleate and methyl erucate, to consist of a mixture of acids in 
which the ethylonic linkage is adjacent to the position which it occupied in the 
original compound ; these acids, together with the original position isomeride, 
are almost certainly present in both cis~ and trans-forms in the hydrogenated 
products. 

The bearing of these results upon the general theory of contact action at 
solid surfaces is considered, and it is shown that they are fully in harmony with 
the explanation put forward previously.* 

We desire to thank the Government of Bihar and Orissa for assistance 
rendered to one of us (N.L.V.) during this investigation. 


The Products of Partial Hydrogenation of some Higher 
Polyethylenic Esters , 

By T. P. Hilditch, L).Se. f and N. L. Vidyahtht, Liverpool University. 

(Communicated by E. F. Armstrong, P.R.S.—Received November M, 1928.) 

It is well known that, when an irasaturated higher fatty acid ester (such as 
methyl linoleate or linolcnute) is hydrogenated, the process is largely selective,! 
and no fully-saturated ester is produced until nearly 90 per cent, of the poly- 
ethylenic ester has been transformed into monoethylenic compounds ( i.e 
methyl oleate and iso-oleates). Accordingly, if the monoethylenic esters 
produced by selective hydrogenation of, for example, methyl linolenate. 

CH 3 . CH a . CH : CH . CH 2 . CH : CH . CH 3 . CH : CH. [CH 2 ] 7 . COOMe 

were a mixture of the esters of A 9:10 -, A 1 * 11 **, and A lu; 16 -octadecenoic acids 
in more or less equivalent proportions, it should be possible to determine the 
position of the ethylenic linkages in the original compound by careful oxidation 

* Armstrong and Hilditoh, ‘ Roy. Soc. Proc.,’ A, vol. 96, p. 325 (1919). 
f Of. Armstrong and Hilditoh, ‘Roy. Soc. Proo.,’ A, vol. 96, p, 142 (1919) and vol. 
108, p, 123 (1925); Hilditch and Moore, * J. Soc. Chem. Ind./ voL 42, p. 15 T (1923). 

2 o 2 
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of the mixture of methyl oleates formed, according to the methodB given in the 
preceding communication.* 

Since precise methods for the determination of the structure of polyethylenic 
aliphatic compounds are somewhat laoking, we have explored the possibility 
of utilising this procedure in the case of two polyethylenic acids whose 
constitution is fairly well established, namely, linoleic acid of soya bean or 
cotton-seed oil 12:13 -octadecadienoic acid) and linolenio acid of linseed 

oil (A 9:1 °, 18:13 , 16 lfl -octadecatrienoio acid). We find that the process can 
be carried out quite smoothly, but the conclusions to be drawn from the acids 
isolated as scission-products from the oxidised oleic esters are complicated 
by the following factors:— 

(i) Isomerisation occurs, ethylenic li nkin gs appearing in positions adjacent 
to eaoh original centre of unsaturation as described in the preceding paper, 
although to a less degree ; since, for the most part, the ethylenic unions left 
in tho semi-hydrogenated esters have taken no part in the actual hydro¬ 
genation. 

(ii) The hydrogenation process is selective, not only as regards the degree of 
unsaturation present, but also to a considerable extent in that each ethylenic 
linkage is not equally attacked. Thus, in the case of methyl linolenate, the 
bond in the 15:16 position is most readily, and that in the 9:10 position 
least readily hydrogenated, with the result that the hydrogenated product 
(oleates) contains more of A 9:10 and related isomers than of tho A 18: 18 group, 
whilst the A 16:18 products are present in smallest amount. 

The increasing ease of hydrogenation of an ethylenic linkage as it is progress¬ 
ively more remote from the carboxylic group is a somewhat striking feature 
brought out by the present experiments. (Certain of our results suggest that 
the course of selective hydrogenation may vary with such conditions as the 
concentration of catalyst or the temperature employed; f whether a selection 
of conditions favourable to the production of suitable monoethylenic mixtures 
will thus beoome feasible remains to be determined by further investigation.) 

Although it oannot be predicted (owing to the possibility of encountering 
too complex a mixture of oleio acids) that the method is capable in all cases of 
leading to definite conclusions, it is evident that the production of predominating 
proportions of respective pairs of monooarboxylio and dicarboxylic adds serves 
to determine the positions of corresponding unsaturated centres. 

The utility and the present limitations of the procedure are illustrated by the 

* Hilditch and Vidyarthi, eupra, p. 662. 

t ty. also K. A. Williams, ‘ J. Soc. Ohem. lad.,' vol. 40, p. 446 T (1927). 
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experiments (about to be described) upon methyl linoleate and ethyl linolenate : 
we can deduce with certainty that the unsaturation in linoleic acid is in the 
9 :10 and 12 : 13 positions, whilst, in linolenic acid, we can fix the positions of 
the 9 : 10 and 12 :13 linkages, but can only say that the third double bond lies 
beyond the fourteenth carbon atom of the chain. 

The application of the process to polyethylenie branched-chain compounds 
is doubtless less complicated by isomerisation during hydrogenation, and, 
indeed, instances of its application to dihydrogeraniol and dihydrolinalool have 
already been given by E. F. Armstrong and one of us.* 

It may be added that oxidation of a partially-hydrogenated product by means 
of ozone may, of course, be practised alternatively to our preferred method of 
treatment in hot acetone solution with anhydrous permanganate. 

Esters of Linoleic and Linolenic Acid Studied. 

Methyl Linoleate.— (i) A specimen of the almost pure ester (iodine absorp¬ 
tion, found 177-0 per cent., calc., 172*9 per cent.) was prepared by separating 
linoleic acid from the mixed acids of soya bean oil in the form of the crystalline 
tetrabromostearic acid, and reducing this with granulated zinc in 5N-methyl- 
alcoholic hydrogen chloride ;f the resulting methyl linoleate was purified 
and distilled under diminished pressure.! 

(ii) From cottonseed oil, the mixed fatty acids were separated into saturated 
and unsaturated portions by the lead-salt method ; the distilled methyl esters 
of the unsaturated acids (iodine absorption 130 per cent., equivalent to a 
composition of 49 per cent, oleate and 53 per cent, linoleate) were employed as 
such for the investigation. 

Ethyl Linolenate ,—This was prepared, from crystalline hexabromostearic 
acid obtained by addition of bromine to the mixed fatty acids of linseed oil 
in solution in ether, by reduction with zinc in boiling *5N-ethyl-alcoholic 
hydrogen chloride (the debromination is in this case effected but slowly in 
methyl alcohol solution). The iodine absorption of the distilled ester was 
238*0 per cent. (calc. 249*0 per cent.)4 

* ‘Boy, Soo. Proc.,’ A, vol, 108, p. 131 (1925). 

t Rollett, * Hoppe-Seyler’s Z./ vol. 62, p. 410 (1909). 

% It is remarkable, in view of the ease of isomerisation of the higher unsaturated fatty 
acids under suitable conditions, that the somewhat drastio debromination process does not 
produce a mixture of linoleic (or linolenic) aoida. We have, however, oxidised a portion 
of the product directly by the permanganate-acetone method, and were unable to detect 
any dicarboxylio acid other than azolaio aoid, thus confirming the observations of other 
workers on the subject. Of Erdmann, Bedford and Raspe, 1 Bor. d. Chem. Ges.,* vol. 
42, p. 1334 (1909),, 
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Partial Hydrogenation of the Esters . 

The esters were hydrogenated at 100-105° in order to minimise, since it was 
not possible to exclude, isomeric change; nickel on kieselguhr was, as before 
(c/. preceding paper, p. 556), used as catalyst, the concentration of nickel in 
the ester being about 0-3-0 *6 per cent. Partially hydrogenated products 
were obtained as follows 


Eater. 

Source of 
acid. 

I 

0* 

Iod. absn. 
per oent. 

Product hydrogenated 
approximately to— 

i 

Methyl linoleate .... 

Soya bean oil .... 

81-5 

1 

85-7 

Monoethylenio stage (I.V. 85-8), 

Methyl linoleate (+ 
oleate) 

Cotton seed oil 

142-5 

88-0 

Monocthylenio stage (I.V. 86*8). 

Ethyl linolenato .... 

Linseed oil . 

69 

107-0 

Monoethylonio stage (I.V, 81*9). 
Diethylenic stage (I.V. 164*9). 

»» '••• 

n *»*j 

71 

164-8 


The semi-hydrogenated esters were treated in 10 per cent, solution in acetone 
with powdered permanganate, and the products of oxidation were separated 
and examined in each case exactly as described in the preceding communica¬ 
tion (p. 557). The various results thus obtained are summarised below for 
each of the four partially-hydrogenated mixtures. 

Methyl Linoleate (from Soya Bean Oil), after Hydrogenation to the Monaethylenie 

Stage, 

The semi-hydrogenated ester (75 g.) gave, after oxidation (a) neutral 
material (12 g., iodine absorption 1-4 per cent.) and (6) acidic products which 
were separated into monocarboxylic acids (16 g.) and dicarboxylic acids (44 g.). 


Dicarboxylic Esters. 


No. | 

j * I 

j Equivalent, j 

Dicarboxylic acids identified* 

1 

3*0 j 

“1 

108-0 

Suberic, 189-140 b ; azelaio, 104-106°. 

2 

10-8 

105-1 

Suberic, 139-140°; andaio, 104-106°. 

3 

91 , 

112*8 

4 ! 

4-4 

119*2 

Undecane dicarboxylic, 110-111° (equivalent, found 108 * 0 ). 

6 

8-4 ! 

123*0 

6 

6-4 

36*6 

130*4 

Dodeoane dicarboxylic 125-120° (125-126°*) (equivalent, found 


* Melting-point* in bracket* are those o t mixtures with authentic .tu nutiondar 

case wittidodeoane-dicftTbo xylio acid from partieUy-hydrogenated^e^Vruoate (weoediag 
paper, p. M2). ■ 
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Thus, the analysis of the dicarboxylic acids indicates that the main com¬ 
ponent of the methyl oleate mixture was A 9: (with some A a: w and probably 
A 10: u )-octadecenoic acid, but that a notable amount of A w:W -octadecenoic 
acid (with some A u la -acid, presumably formed therefrom by isomerisation) 
was also present* 

Fractionation of the small amount of monocarboxylic esters available 
afforded a general confirmation of these results. 

It is not easy to arrive, from the analytical figures, at any accurate estimate 
of the relative proportions of the A 0 J0 - and A 12 13 -groups of acids, but it 
would appear that these are in the neighbourhood of two equivalents of A*’ : ,0 - 
to one equivalent of A ia;13 -octadecenoic acids (reckoning A g :9 - and A 1011 - 
acids as emanating from a A ,J: ^-linkage, and A 11 18 -acid as emanating from 
an original A 1213 -lmkage). 

Methyl Linoleate + Oleate {from Cotton Seed Oil), after Hydrogenation to the 

Monoethylenic Stage. 

The hydrogenated product (127 g.) yielded on oxidation (a) neutral esters 
(10-6 g., iodine absorption 1*7 per cent.), and (6) acidic products which were 
resolved into monocarboxylic acids (31*2 g.) and dicarboxylic acids (76*4 g.). 

Dicarboxylic Esters. 

g. j Equivalent. Acids identified. 

17*0 103*0 Suberic, 130-140° (130-140°); uzolaio, 100-103°. 

11*6 106*0 

10*7 111 * 0 Aaelaic, 100-103° * 

4*7 120*3 Dodeoanedioarboxylic, 125-120 * (equivalent, found 115*2). 

4*6 121*0 Dodeoanedioarboxylio, 125-126°. 

$*8 132*0 Dodeoanedzoarboxylie, 126-126°. 

67*2 

* Small quantities of another, less soluble, aoid were also present in fraction 3, but, could not 
be identified; in fractions 4 and 6 there was a more soluble aoid present, which appeared to 
be azelaic aoid, but oould not be definitely characterised. 

The small proportions of suberic (C H ) acid (which emanates from A 8: ®- 
ootadeoenoic acid produced from the linoleate) and the abundant amounts of 
aaelaio aoid observed in this iustanoe are in consonanoe with the observation* 
that, during hydrogenation of a mixture of linoleate and oleate, the latter 
remains unchanged. 

• Moore, 4 J. Soo. Ohem. Ind.,’ vol. 38, p. 324 T (1910). 
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Evidence confirming that from the dioarboxylic acids was afforded by the 
fractional distillation at atmospheric pressure of the methyl esters of the 
monocarboxylic acids ; methyl hexoate and also methyl nonoate were present 
in quantity, but no esters of acids lower than hexoic were observed. 

Ethyl Linolenate (from Linseed Oil), after Hydrogenation to (approximately) 

Monoethylenic Stage . 

Tbe hydrogenated product (68 g.) was oxidised in acetone as usual, but with 
ten times its weight of permanganate. The acidic products of oxidation (51 g.) 
were distilled in steam in order to effect the removal of monocarboxylic acids ; 
tbe steam-distillate was exactly neutralised by caustic soda and concentrated 
to a very small bulk, after which the monocarboxylic acids were liberated by 
sulphuric acid. This departure from the usual procedure was in order to 
minimise loss of any acids of low molecular weight. Fractional distillation of 
the dimethyl dioarboxylic esters and of the free monobasic acids resulted as 
follows:— 

Dioarboxylic Esters. 


No. 

0* 

1 

B.p./0-5 mm. 

Equivalent. 

Acids identified. 

1 

6*7 

1 

o 

83-93 

100-4 

Suberio, 137-138° (137-138°). 

2 

6*9 

95-97 

106-0 

Suberio, 137-138° ; azelaio, 103-104°. 

3 

4 

3-9 

4*2 

97-107 

107-120 

112*0\ 

119*1/ 

No individual add could be isolated. 

5 

4-0 

121-140 

128*3 

Dodecanedicarboxylic, 121-122* (124-126°). 

An acid, m.p. 112-113° (equivalent,found, 132*0); 

6 

2*0 

140-145 

135*7 

admixture with brawylio or dodecane di- 
oarboxylio acids showed that it was neither 





of these ; it appears from the equivalent' to be 





a mixture of tetra* and penta-decane dicar- 
bo xylic acids. 

7 : 

4*2 

Residue 

142-3 

i No individual acid was identified. 

1 

30*9 



L.... 


Monocarboxylic Acids. 


No. 

g ' 

B.p./70O mm. 

Equivalent. 


1 

2*3 

o 

135-204 

116 


2 

2*2 

Residue 

146 
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It is evident that partial hydrogenation of linolenic acid leads mainly to the 
formation of A fl:10 -oleic acids, whilst the A U:1S ‘Oleic acid is also produced 
in amounts readily detectable by the present method; but the quantity of 
the third isomeride is so small that the method is incapable of indicating more 
than that a dicarboxylic acid containing 14 or more carbon atoms is produced 
on oxidation. Similarly, the monobasic acids obviously include members 
lower than hexoic, but it is not possible to determine the individual lower acid 
present. 


Ethyl LinoleMte {from Linseed Oil), after Hydrogenation to the Diethylenic 

Stage . 


The partially hydrogenated ester (69 g.) yielded by oxidation 13 g. of mono- 
carboxylic acids (separated by distillation in steam), and 31 g. of dicarboxylic 
acids. 


Fractional Distillation of the Dicarboxylic Methyl Esters. 


No. 

fir* 

B.p./0*5 mm. 

Equivalent. 

1 

6*5 

o 

70-89 

97-2 

2 

10*1 

89-91 

104*0 

3 i 

4*6 j 

| 91-100 

109*7 

4 

3*5 1 

105-120 

119*0 

5 ! 

4*6 

Residue 

137*7 

l 

28*3 


i 


Adda identified. 


An acid, 130-135° (equivalent, found 85*7) 
mixed with suberic acid, 135-137°. 

Suberic add, 138-139 °; wselaio acid, 103-104°. 

Dodeoane dicarboxylic acid, m.pt. 125-126°. 


Monocarboxylic Acids. 


The free acids were distilled at atmospheric pressure 


No. 


| B,p./780 mm. 

Equivalent. 

1 

1*8 

0 

130-160 

82 

2 

2*3 

Residue 

13S 


The dicarboxylic acid scission products were again mainly azelaic and dode- 
cane dicarboxylic acids, whilst the monocarboxylic compounds present included 
hexoic acid and an acid of molecular weight lower than 82 (butyric, 88; 
propionic, 74). The evidence given by this experiment therefore points 
dearly, again, to the presence of ethylenic linkages in the original ester in the 
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A® : l0 ~ and A u: ^-positions, but it would have been difficult to assert definitely 
from the results obtained that the remaining unsaturated centre was at the 
A 16! 16 ~position. 

Summary. 

Partial hydrogenation of esters of polyethylenic higher fatty acids to the 
monoethylenic state, followed by controlled disruptive oxidation of the pro¬ 
ducts, is capable of giving useful information as to the position of the original 
ethylenic linkages, subject to the complications that (a) different ethenoid 
bonds are not usually hydrogenated at the same rate (so that there is disparity 
in the relative amounts of monoethylenic derivatives formed), and ( b ) the 
isomerisation phenomena discussed in the preceding communication are 
encountered (but to a less degree than in the hydrogenation of monoethylenic 
esters). 

If the respective groups of mono- and di-carboxylic acid scission products 
eventually obtained are separately converted into methyl esters and fractionally 
distilled, the disturbing factors mentioned do not in general interfere seriously 
with the utility of the procedure as a means of determining the constitution 
of polyethylenic compounds. 

We desire to acknowledge the assistance given to one of us (N.L.V.) by the 
Government of Bihar and Orissa during the course of this work. 
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Electron Scattering in Helium. 

By E. 6. Dymond, Fellow of St. John's College, Cambridge, and E. E. Watson, 
Gonville and Caius College, Province of Quebec Scholar. 

(Communicated by Sir Ernest Rutherford, P.R.S,—Received November 27,1928.) 

The work about to be described is a continuation of an investigation begun 
by one of us* at Princeton, New Jersey, on the scattering of electrons by gas 
atoms. The conditions there were so chosen that only single collisions were 
taken into account, and it was possible to investigate not only the energy loss 
on collision, as in the Franck and Hertz experiments, but also the direction of 
the path of the electron after collision. 

By employing a magnetic analysis of the velocity of the electron after impact 
it was found possible to obtain information as to the probability of excitation 
of various stationary states of the atom considered, on collision with electrons 
of much higher velocities than could previously be used. The curves relating 
scattered intensity with angle of scattering were found to have sharp maxima, 
which were strongly suggestive of diffraction maxima, as might be expected 
if the motion of electrons is governed by the wave mechanics. But whereas 
the wave mechanics has been eminently successful in explaining the scattering 
results of Davisson and Germerf with single metal crystals, and of Thomson 
and Rupp}: with thin metal foils the results of Dymond have been inexplicable 
on this basis. It may be said at once that we have been unable to find any 
trace of the sharp maxima found by him in I, which were apparently due to a 
secondary cause.§ Indeed, as has recently been pointed out by Elsasser,|| 
no interference effects can be expected, when the electron loses energy on 
collision, the case in which Dymond found maxima, for the frequencies of the 
electron before and after interaction with the atom are different and there 
can consequently be no coherence of the scattered waves. 

We must look therefore for interference effects in electrons which have been 
elastically reflected. As mentioned before such effects are not found to exist 
and the scattering curves resemble but do not coincide with those expected on 

* Dymond, 1 Phys. Rev./ vol. 29, p. 433 (1927), hereafter desoribed as I. 

t 1 Phys. Rev./ voL 30* p. 705 (1927). 

$ Thomson, * Roy. Soo, Proc./ A, vol, 117, p. 000 (1928) and vol. 119, p. 661 (1928); 
Rupp, ‘ Ann, Phyaik/ vol. 86, p. 981 (1928). 

§ Ham well, 4 Proc. Nat. Acad. Soi./ voL 14, p. 664 (1928). 

II 4 Naturwiss/ September 14,1928. 
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classical considerations. The present work is substantially a repetition of that 
described in I. Attention has been concentrated on a narrow range of initial 
conditions and no attempt at an exhaustive enquiry has been made. Further 
work on the subject, particularly in the direction of lower initial velocities, 
and with various gases, is being continued. 

Apparatus. 

The design of apparatus follows closely that previously adopted, and is shown 
in figs. 1 and 2. 

Electrons from a tungsten filament F are accelerated towards the side of a 
box G by an electric field. A narrow beam leaves the box by a slit S r The 
“ gun ” G can be rotated bodily about an axis perpendicular to the paper 
(fig. 1). Two fixed slits S 2 and S 3 select a beam of electrons which can only be 
derived from the initial beam by collisions with gas atoms along the axis; ix, 9 
they select electrons which have been scattered through an angle 0. Low gas 
pressure insures that the probability that an electron may make two collisions 
between the slits S x and S 2 is small. To determine the velocity of the electrons 
after impact they are bent in a magnetic field and enter a Faraday cylinder K 
through the slit S 4 . 

In order to avoid further scattering of the beam and consequent reduction 
in intensity after it has passed the slits S 2 and S B the space D in which it 
moves under the action of the magnetic field is highly evacuated. Two fast 
diffusion pumps attached at H and J through wide tubing and low resistance 
mercury vapour traps pump of! the gas as it leaks through the slits S a and S 3 
from the space above and maintain a vacuum of 10~ 4 mm. or lower when the 
pressure in the collision space is lO" 1 mm. 

The colhsion chamber in which the electron “ gun ” is situated consists of 
a cylindrical tube, and the axis of rotation of the gun, which defines the point at 
which the collisions to be considered take place, is now in the centre of this 
tube, 8 mm. above the first reoeiving slit S 2> and 2 mm. from the slit S x of the 
gun. In the previous apparatus these measurements were approximately 
1*5 mm. and 10 mm. The slit S x was 0*3 mm. wide, S 2 and S 3 were 0*1 mm. 
wide, and S 4 was variable, while the box was evacuated, by a device not shown, 
from 0 to 2 mm. It was used for the most part when 1 mm, wide. 

In order to reduce stray effects due to electrons being scattered by the walls 
of the tube, this was lined with thin aluminium sheet at all points where the 
main beam of electrons might strike, and the lining was connected to the $lit 
system. As the filament was connected to a negative potential and all the 
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slits were earthed, the space iu which collisions occurred was free from electro¬ 
static fields. The back of the gun was closed in, so that only electrons pro¬ 
ceeding through the slit S x could find their way into the chamber. The “ gun ” 
G was mounted on a glass tube which could be rotated, the ground joint A 
being lubricated with rubber grease. The joint B permitted the withdrawal 
of the entire gun for adjustment and filament renewal and was used dry with 
a sealing of wax on the outside. The magnetic field was produced by two coils 
in the Helmholtz arrangement, not shown, with mean radius 20 cms. They 
produced a sensibly uniform field over the entire path of the electrons. In the 
region where collisions take place this field was compensated by two smaller 
coils L, also in the Helmholtz arrangement, of mean radius 7*3 cms., carrying 
a fixed proportion of the current in the main coils. 

The earth’s field was also compensated by two large coils, not shown, en¬ 
circling the whole apparatus. 

As previous experience had shown that the effects to be expected were very 
sharp, the current through the main coils was measured by a sensitive potentio¬ 
meter connected across a low resistance in series with the coils. The current 
could be measured and held steady to 1 part in 5000. Similarly the voltage 
applied between the filament and slits, was stepped down by a fixed potential 
divider and was measured on the same potentiometer to the same degree of 
accuracy. The secondary cells supplying the accelerating potential could 
not maintain it constant to this degree, so that it was necessary to place in 
series with them a potential divider capable of applying increments of 0*02 
volts. 

The currents to the Faraday cylinder K were measured on a Compton 
quadrant electrometer. This was used with “ positive ” electrostatic control 
and was quite stable at the sensitivities used, from 5000 to 20,000 mm. per volt, 
at 1*5 metre scale distance. 

The behaviour of this instrument as a means of measuring small currents 
has been examined in detail by one of us 1 * 1 . It appears that the current sensi¬ 
tivity is not proportional to the voltage sensitivity but approaches a m aximum 
asymptotically. At the sensitivity most frequently employed a rate of drift 
of 1 mm. per second corresponded to a current of 10~ w amperes. There is 
practically no gain in working with higher voltage sensitivities and a distinct 
loss in ease and quickness of taking readings. The rate of drift was established 
to be exactly proportional to the current over a wide range. 

The helium used was purified by prolonged circulation over charcoal cooled 
* Watson, * Proc. Camb. Phil. 8oc.,* in the press. 
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in liquid air and over hot copper oxide. It waa admitted to the apparatus from 
the storage reservoir through an adjustable leak and a second charcoal tube. 
The adjustable leak, which was found very satisfactory in use, consisted of the 
stem of a clay pipe. The hole was plugged with sealing wax ; the stem was 
inserted in a vertical position between the gas reservoir and the apparatus 
in such a way that it could be completely immersed in mercury, on the high 
pressure aide, thus closing all communication between the two parts of the 
apparatus, or a variable length of the stem could be exposed. 

It is known that heated copper oxide is unable to remove the last traces of 
hydrogen from helium, but great purity of gas was not essential, as the method 
of magnetic analysis of the scattered beam enables a direot separation of the 
effect of impurities, whose energy states are all much lower than those of 
helium. 

The gas pressure varied from 0*08 mm. to 0 • 12 mm. of mercury in different 
experiments. It was established that in this range scattering was proportional 
to gas pressure, and all results have been reduced to a standard pressure and 
standard sensitivity of the electrometer. 

Discussion of Results. 

For any given initial velocity of the electrons the intensity of scattering 
depends on two variables, the velocity of the electrons after collision and the 
direction of their path. The complete results must therefore be represented 
by a diagram in three dimensions. In practice, we must hold one variable 
constant, and determine the behaviour of the other. 

We will first discuss the results obtained when the angle of scattering is 
held constant and the velocity distribution of the electrons after impact is 
obtained by varying the magnetic field. 

Velocity Distribution. 

Let I (0, u) <20 du represent the intensity of the scattered beam, reckoning 
the initial beam as unit intensity, between the limits 0 and 0 + 80 of scattering 
angle and u and u + 8u of velocity. This quantity will also be a function of 
the initial velocity U 0 of the electrons, but for the sake of simplicity we will 
consider U 0 constant for the moment. Then the current entering the Faraday 
cylinder will be proportional to 
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when the limits of integration are determined by the width of the slit S 4 in 
front of the Faraday cylinder. Let 8s be the width of this slit; then if p 
be the radius of curvature of the electron beam when bent by the magnetic 
field H, 

U CL Hp 

and 

du a H dp a H8s. 

if is small* 

The current to the electrometer will consequently be proportional to 



that is to say to 

HI (0«) 80 8*. 

Consequently in order to determine the velocity distribution from the observed 
relation between electrometer current and deflecting field, we must divide 
each measured value by the relevant value of the magnetic field. As we are 
at the moment only interested in relative values, it is convenient to divide by 
the current in the field coils. 

The velocity distribution for three initial velocities of 102, 226 and 386 volts, 
and for a scattering angle of 10° is shown in fig. 3. These curves may be 
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compared with the curves shown in fig. 2 of I. No attempt has been made to 
obtain the sharp results there shown, which were made with fine slits and the 
best vacuum conditions in the analysing box D. For each curve, besides the 
peak corresponding to elastic collisions, two others appear, due to excitation 
and ionisation of the atom respectively. That due to excitation is com¬ 
pounded of several, representing the various energy states. It reaches its 
maximum value at 21 to 22 volts, which indicates that the excitation of the 
triplet system, which requires 19-8 volts, is very small or completely absent 
at these high velocities. 

We see further that the effect of ionisation is at a maximum relative to that 
of excitation in the neighbourhood of 200 volts. This agrees with the result 
of Compton and Van Voorhis* who found that the efficiency of ionisation is 
at a maximum at about this velocity. As will be shewn later the efficiency 
of excitation is decreasing steadily throughout the range here investigated. 
The broadening of the “ elastic ” peak at the highest velocities is instrumental, 
due partly to poor vacuum conditions in the analysing chamber and partly 
to other causes not investigated. 

The chief point of interest lies, however, in the further part of the curve, to 
which particular attention was drawn in I (p. 437). It was there found that 
at the higher initial velocities, the curve beyond tho ionisation point did not 
drop down again, but even tended to rise ; it seemed that this was due to a 
higher probability that the atom could absorb energy continuously from a fast 
colliding electron, with a lower limit somewhere between the ionisation and 
first excitation states. This view was enlarged elsewheref and discussed by 
Franck.J 

It can be seen at onco that the continuous loss of energy in the curves under 
'discussion here is much smaller than that found previously, and is substantially 
the same, relative to the loss due to excitation, at 382 voltB as at 226 volts. 
There seems no reason in fact why it should not be attributed to the norma) 
processes of ionisation. It is unfortunate, however, that no reason for the 
discrepancy between the two results can be found. It will be noted that 
whereas the curves shewn here are for a scattering angle of 10°, those in I are 
for an angle of 5°. But on repeating the observations at 5°, no difference in 
behaviour was notioed, whence it seems unlikely that the difference in angle 
can be made to account for the discrepancy. Nor does it seem likely that the 

* ‘ Phys. Rev.,’ vol. 26, p. 436 (1925). 
t Dymond, ‘ Proo. Camb. Phil. Soo.,' vol. 23, p. 804 (1927). 
t Franck, ‘ Z. Physik,* vol. 47, p. 509 (1928). 

von. cxxn.—A. 2 r 
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somewhat higher pressure used in the present experiments should have any 
effect. 

Angular Distribution of Scattered Electrons , 

Let I (0) So represent the number of electrons scattered at an angle 0 per 
unit solid angle per collision. Then it is easy to see that if the current we 
measure at any particular setting of the gun be i(Q) 

1(0) So> == C . i(0) sin 0. 

For owing to the finite width of the beams, the number of collisions which 
any electron in the main beam can make is proportional to AB (fig. 4), which 

is proportional to coseo 6. Also as the slit 
subtends a constant solid angle at the 
point of collision, i(0) sin 0 will be pro¬ 
portional to the scattering per unit solid 
angle. It should be noticed that in 
scattering experiments of a particles fixed 
through thin foils, the angle between the 
incident t beam and the scattering foil is 
constant, so that the number of atoms 
per square centimetre of the incident beam 
is constant. 

A typical set of results is shewn in 
fig. 5, which shews the scattering curves of 
Fig. 4. both elastic and inelastic collisions, the 

latter corresponding to an energy loss of 
21 volts, for a velocity of the primary electron beam of 210 volts. In order 
to eliminate stray effects a set of measurements with no gas in the tube 
was always taken immediately after a set with gas, and the difference w&s 
taken to represent the true gas scattering. This correction, which is due to 
secondary electrons from the slits, was vanishingly small in the case of inelastic 
impacts, and was never more than 25 per cent, for the elastic impacts. The 
ordinates represent the number of electrons scattered per unit solid angle per 
unit intensity of the primary beam. As will be seen, at large angles many 
more elastically reflected electrons occur than inelastically reflected electrons, 
while they approximate in number for smaller angles ; in fact for higher initial 
velocities, i.e., 400 volts, the inelastic group may considerably exceed the 
elastic group for 5° angle of scattering. To obtain the total number of scattered 
electrons in each group we must integrate each curve. There is an uncertainty 
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in the extrapolation to zero angle, as the measurements become unreliable 
below 5°. But this uncertainty will not greatly affect the integrated result, 
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Eio. 5* —Angular distribution of scattered electrons for an initial velocity of 210 volts. 

1, Elastic coUittionK. It, Inelastic oollisions (energy loss 21 volts). Q Born’s curve 
for elastic collisions in hydrogen. Q Curve calonlatod from the Hartree field. 
-Inverse square law scattering curve. 

especially as we notice that due to the sin 0 correction term the curves cannot 
rise to infinite values for zero angle. 

On performing suclrintegration we may tabulate the ratio of the elastic to 
the inelastic collisions for various electron velocities, V in volts. 


t 

V, 

Ratio i^katio wUislon|| 
elastic 

102 

0*34 

210 

0*46 

432 

0*76 


If we are justified in extrapolating these results to higher velocities it would 
seem that there may come a point where inelastic are more probable than 

2 v 2 
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elastic collisions. By comparing the areas for different velocities we can also 
see how the “ target area ” of the atom for collisions of the two kinds varies 
with velocity. The results are shown in fig. 6, where the target area for 
elastic collisions is arbitrarily taken as unity at 100 volts. 



Fig. 6. —Relative Target. Areas of the Helium Atom towards Electrons of different Velocities 
(elastic and inelastic impacts). 

But. of greater interest are the scattering curves themselves. By reducing 
to a common area and plotting we can see that their form does not vary much 
with velocity. As would be expected, there is a, slight increase in steepness with 
increasing velocity, but this is not marked. 

Let us now consider what form the scattering'curve may be expected to 
have from a theoretical standpoint. We will confine ourselves to the case of 
elastic reflection. Provided that the electron velocity is sufficiently high the 
only scattering agent, will be the field of the nucleus, and the curve will be of 
the familiar kind associated with a Coulomb field and is represented by the 
function cosec 4 0/2, where 0 is the scattering angle. Any deviation that the 
experimental curve may show from this form must be ascribed to the influence 
of the orbital electrons of the atom. 
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A glance at fig. 5 will show that nuclear scattering calculated in this way is 
negligible, as might be expected from the comparatively low velocities 
employed. But we may get a closer approximation to the truth by assuming 
a certain mean field distribution in the atom (central but not Coulombian) 
and by determining the scattering that this field should produce. Hartree* 
has recently worked out the field of the helium atom from which by numerical 
integration the classical orbits of the impacting electrons may be determined 
and the scattering function found. But the result is again far from the truth, 
showing that a true quantum investigation of the case is required.f 

For scattering in helium this has not been attempted, while for hydrogen 
BornJ has achieved an approximate solution by means of the wave mechanics. 
His solution lias been modified by Oppenheimer,§ but the additional terms of 
Oppenheimer to which numerical values cannot be assigned without a fuller 
investigation, are small in the region of velocities covered by this research. 

While hydrogen and helium cannot be expected to yield identical scattering 
curves it is of interest to see that the hydrogen curve, when calculated for h 
somewhat smaller velocity (150 volts) than was experimentally used, fits 
closely. We do not wish to lay too much emphasis on this agreement, as the 
degree of fit may be adjusted by varying the velocity for which the hydrogen 
curve is calculated, but we would draw attention to the fact that the Born 
curve is the only one which in general shape at all resembles the experimental 
curve. That hydrogen and helium should have similar scattering properties 
when an adjustment of velocity is made to compensate for the greater field of 
the helium atom, is not contrary to expectation. It should bo noted that the 
agreement referred to is only in the case of elastic impacts. The more com¬ 
plicated structure of helium, when the inelastic impacts are considered, intro¬ 
duces important divergences from the scattering calculated for hydrogen. 

In conclusion a word should be said about the discrepancies between the 
results found in this work and in I. The note of HamweU|| previously referred 
to gives a clue. Using a much simplified apparatus he found sharp peaks in 
the scattering curves when the walls of his apparatus were glass, but that these 
peaks disappeared completely when the glass was covered with a conducting 

* *Proo. C&mb. Phil. Soc.,* vol. 24, p. Ill (1028). We are greatly indebted to Dr. 
Hartree for helpful advice at this point. 

t This curve, of course, has nothing to do with the inelastic impact scattering curve 
with which it fortuitously coincides in this figure. 

t * Gottinger Nachr.,’ p. 146 (1926). 

§ • Phya, Bev.,’ voi. 32, p. 361 (1928). 

II Hamwell, foe. ctf. 
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metallic layer. This would indicate that the peaks were due to a portion of the 
initial beam of electrons finding its way into the receiving slits by reflection 
at the charged glass walls, which may act almost as specular reflectors. 

That some such effect was occurring in the measurements made in I is very 
probable, although the conditions seem to have been more complicated than 
in the experiments of Ham well. In his case the peaks persisted when the 
gas was pumped out of the apparatus. In DymoncFs experiments they dis¬ 
appeared simultaneously with the rest of the gas scattering, a fact which led 
to their confusion with the true scattering. While it is impossible to give a 
precise explanation of this behaviour, it is easy to see that the phenomenon is 
coupled with the occurrence of a positive ion space charge. 

The peaks due to reflexion at the glass walls do not occur in the present work 
as it was arranged that the main electron beam always struck a metal surface. 

In conclusion we wish to thank Prof. Sir Ernest Rutherford for his interest 
and advice in the research. 


On Bromine Chloride . 

By S. Barratt and C. P. Stein, University College, London. 

(Communicated by T. It.* Merton, P.It.S.—* Received November 29, 1928), 

It ia curious, in view of the close attention which has been paid to many of 
the compounds formed between the halogens, that our knowledge of bromine 
chloride should be so vague that its very existence has frequently been denied. 
In 1826 Balard* described a compound between bromine and chlorine formed 
by direot union, and a few years later Loewigf claimed to have isolated a 
hydrate. BrO.5H 2 0, from solutions. Berthelot threw some doubt upon this 
early workj on account of the small heat of solution of chlorine gas in liquid 
bromine. Lebeau§ found that the crystals prepared in accordance with Balard’s 
directions were variable in their composition and concluded from this and 
from the melting point curve of chlorine-bromine mixtures that no compound 

♦ * Ann. Chim. Phys./ vol. 32, p, 371. 
t * Dissertation/ Heidelberg, 1829. 
t 4 Ann. Chim. Phys./ vol. 21, p. 375 (1880). 

{ 1 C. R„ vol. 143, p. 589 (1908). 
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really exists. The same conclusion was reached by Karsten* and has been 
very generally adopted, except that the behaviour of bromine-chlorine mixtures 
in certain organic reactions, has occasionally led to suspicions of compound 
formation. One very cogent argument in favour of compound formation was 
touched upon by Balard, but has ever since been neglected—the marked 
diminution in the colour of bromine produced by admixture of chlorine. Our 
attention was drawn to this phenomenon by Mr. G. M. B. Dobson, of the Claren¬ 
don Laboratory, Oxford, who observed it in preparing filters for ultra-violet 
light from mixtures of the two gasesf and who found further that the ultra¬ 
violet absorptions are not additive in these mixtures. It is with his kind per¬ 
mission that we have now investigated the matter more fully. 

The obvious explanation of the colour change is the formation of a compound 
between the two halogens, which is more transparent in the visible than is 
bromine ; though some physical influence of the chlorine on the bromine cannot 
immediately be ruled out as a hypothesis. The experiments described in the 
present communication were designed to test the chemical explanation, and 
to determine, if possible, the formula of the compound and the amount of it 
formed. 

In order to estimate quantitatively the amount of bromine chloride formed, 
we made a spectrophotometric study of the absorption spectra of bromine 
and of bromine-chlorine mixtures. Our original intention was to work with 
the two materials in the vapour state, but in preliminary experiments we found 
that the same colour changes take place when the halogens are mixed in carbon 
tetrachloride solutions, and we have therefore used these solutions exclusively, 
as they are much more convenient for this type of optical measurement than 
are the vapours. Our conclusions are based upon the assumption that the 
intensity of the bromine absorption band in the visible forms a measure, in 
the mixtures, of the amount of bromine left uncombined with the chlorine. 
We had hoped to measure the chlorine left in the free state by similar observa¬ 
tions on the ultra-violet bands, but, as will be seen later, this is not possible 
owing to the overlapping of the various spectra concerned (though the change 
can be followed qualitatively), and we had to be content with the " incom¬ 
plete ” photometric analysis of the mixtures. While this limitation detracts 
from the accuracy of the results, it does not affect the general conclusions. 
The original concentrations of bromine and chlorine before mixing were measured 
by ordinary chemical procedure (the liberation of iodine from potassium iodide) 

* 1 Z. aaorg. Chwn.,* vol. 33, ]p. 315 (1907). 
f Of . also Peskov, * J. Fhys. Chem.,’ vol. 91, p. 382 (1917). 
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and these, along with the final concentration of bromine, deduced photo¬ 
metrically, provide sufficient data for testing the various equations possible 
for the reaction between the two elements, by means of their mass law con¬ 
stants. 


Quantitative Measurements on Colour Changes, 

The spectrophotometer with which these measurements were made was a 
Judd Lewis Sector Photometer, used in conjunction with a Hilger constant 
deviation spectrograph for work in the visible, and with an “ E.3 ” quartz 
instrument for the ultra-violet. The light source was a condensed spark from 
a kilowatt transformer, passing between electrodes of nickel steel, or of special 
tungsten steel. The carbon tetrachloride solutions of the halogens were held 
in glass tubes 10*3 cms. long fitted with quartz windows, cemented to the 
glass by zinc silicate. The main stocks of the bromine and chlorine solutions 
were kept in aspirators attached to burettes, and the air entering the aspirators 
was drawn through wash-bottles filled with solutions of the same strength as 
the main stock. 





Fro. 1. 
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In a preliminary series of experiments the extinction coefficient of bromine 
was determined for wave-lengths between 4900 A. and 5600 A., over the range 
of concentrations necessary for the next series of measurements on the mixtures. 
In fig. 1 the “density” of 10-3 cms. of bromine solution (i.e., extinction 
coefficient X tube length) is plotted against concentration, for each 100 A. of 
the range. As can be seen, the curves are very flat, so that Beer’s Law is 
approximately obeyed by the solutions, within the experimental range. 
The densities of solutions of bromine to which various proportions of chlorine 
had been added were afterwards determined. Some of the results are shown 
in fig. 2, in which density is plotted against wave-length. From these curves, 

i 



together with those of fig. 1, it is possible to estimate the free bromine left in 
solution, uncombined with the chlorine. The means of the values so obtained 
are tabulated below, along with the original concentration of bromine and 
chlorine. If we assume that the bromine is removed to form BrOl in solution, 
then we can calculate the concentration of this compound which corresponds 
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to the amount of bromine removed. These concentrations are also tabulated. 
Finally the reversible reaction 

Br a + Cl, X 2BrCl 

should be governed by the equilibrium constant 

[Br J X [Cl fi ]/[BrCl? - K, 

and the values of this “ constant ” are given in the last column. While the 
variations among them are considerable, it must be remembered that the 
analysis of the system is “ incomplete,” and that the accuracy with which the 
bromine concentration can be determined is certainly not greater than 2 per 
cent, by the optical method which we have used. Errors of this order are 
sufficient to account for the variations in the constant. We have calculated 
the corresponding equilibrium constants for other possible reactions, e.#., 
the formation of Br 2 Cl a , BrCl 8 , etc., and these all vary wildly. It would seem, 
therefore, that the colour changes on mixing bromine and chlorine solutions 
can be accounted for quantitatively on the basis of the formation of a com¬ 
pound BrCl, and that in equimolecular mixtures this compound is formed to 
the extent of approximately 50 per cent. 


Table I. 


Total Br, 

X N/100. 

| Total Cl, 

X N/100. 

1 Uncombined 
j Br, x N/100. 

Uncombiued 
Cl, X N/100. 

[BrCl] 

X N/100. 

K. 

1*090 

1*123 

0-587 

0-611 

1*024 

0*35 

1*015 

0*835 

0*605 

0*425 

0*82 

0*38 

1*090 

0*552 

0-707 

0*229 

0*646 

0*42 

1*007 

1-05 

0*597 

0-58 

0*94 

0*39 

1-067 

0*69 

0*083 

0*306 

0*384 

0-86 

1*067 

0*345 

0*805 

0*083 

0-202 

0-24 

0*853 

1*34 

0*314 

0-801 

1*078 

0*22 

0*853 

1*095 

0*414 

0*650 

0-878 

0*35 

0*853 

0*825 

0*506 

0*478 

0*694 

0*49 

0*713 i 

0*694 

0*308 

0*289 

0*81 

0*14 

0*713 

0*472 

; 0*39 

0*149 

0*646 

0*14 

0*713 

0*232 

0*525 ■ 

0*044 

0*376 

0*16 

0*468 

0*309 

0*271 

0*114 

0*39 

0*20 

0*466 

! 0*154 

i 0*364 

0*052 

0*204 

0*45 

0*301 

0*298 

0*132 

0*129 

0*338 

0*15 

0*301 

0*1998 

0*175 

0*073 

0*252 

0*20 

0*301 

0*0996 

0*221 

0*0196 

i 

0*16 

0*17 


UUra-violet Absorption of Mixtures. 

We intended to supplement the equilibrium values given above by others 
deduced from similar measurements on the ultra-violet bonds of both bromine 
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and chlorine, in order to gain a direct check on the proportion of the latter 
entering into combination. Unfortunately this proved to be impossible, as 
the mixtures showed a new band in the gap between the bands of elementary 
bromine and chlorine. In fig. 3 the values of the extinction coefficients X 
tube length of bromine and chlorine, and of mixtures in the molecular ratio 
l: 1 and 1 : 3, have been plotted against wave-length. 



Concentration of Br,. Concentration of CL. 
I, M N/1000 — 

II. I I N/1000 1-1 N/1000 

III. 0 • 34 N/1000 1 • 1 N/1000 

IV. — 1-1 N/1000 

V. Derived ourve for Brd. 


We did not work with solutions of sufficient dilution for the matching of the 
maxima of two of the bands, as shown by the dotted part of the curves. The 
extra absorption shown by the mixtures is interesting confirmation of the 
formation in them of a new type of molecule, and from the results of the pro¬ 
ceeding section we ascribe it to the molecule BrCl. A similar oompound band 
appears in gaseous mixtures, and in aqueous solutions. Curve V shows the 
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absorption of BrCi alone, derived from Curve II, by making allowance for the 
equilibrium concentrations of Br 2 and 01 2 , which can be calculated from the 
mass action constant, as given above. 

The maximum evidently lies at 3700 A. 

Bate of Reaction . 

We have made a few preliminary observations on the rate of the colour 
change following the mixing of the two halogens. In solution in ether and 
chloroform the reaction seems to be completed immediately even at low tempera¬ 
tures such as —78° C. ; nor have we been able to detect a “ time lag ” in colour 
on mixing aqueous solutions. In carbon tetrachloride, however, the lag is 
quite appreciable, and on mixing the solutions at room temperature the colour 
continues to diminish for several seconds. At the freezing point of the solvent 
the reaction is slower still, as would be expected. It is more difficult, by these 
crude observations, to test the rate in the gaseous state, but wo suspect that 
here again the change takes an appreciable time to reach completion. 

Summary, 

From spectrophotometric observations on the colour changes on mixing 
carbon tetrachloride solutions of bromine and chlorine, we conclude that in 
such solutions the two halogens combine to give an equilibrium concentration 
of bromide monochloride. In equimolecular mixtures about 50 per cent, of 
the halogens are present as the compound. The same type of colour change, 
and presumably the same chemical changes, occur when the halogens are mixed 
as gases, or as solutions in other solvents. The formation of a chemical com¬ 
pound between them is further indicated by the appearance of a new ultra¬ 
violet absorption band, with its maximum at 3700 A,, peculiar to the mixtures, 
and also by the fact that the colour change in carbon tetrachloride solution 
takes an appreciable time, a phenomenon difficult to explain on any other 
basis than that of a slow reaction. The formula of the compound which is 
suggested above, agrees with the observation that on mixing chlorine and bro¬ 
mine in the gaseous state the volume change, if existent, is very small. 
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Perturbation Theory in Quantum Mechanics . 

By A. H. Wilson, Emmanuel College, Cambridge. 

(Communicated by K. H. Fowler, F.R.S.— Received December 6, 1928.) 

1. Introduction . 

The theory of perturbations of electronic systems has been considered by 
various writers,* and the method is the basis of the solution of most quantum 
problems. It therefore seems desirable that the theory should be placed on a 
firm footing, and this necessitates the discussion of the convergence of the series 
of perturbations, which up to the present has been avoided. This investiga¬ 
tion is all the more necessary since the wave equation of the Stark Effect has 
no solution of the form assumod by Schrodinger in his original discussion of 
the perturbation theory. 

Dirac’s theory leads to a system of linear differential equations iu an infinite 
number of variables, and § 2 is devoted to the discussion of the existence 
theorem for such a system by a matrix method. In § 3 the application is made 
to the perturbation theory in the case of perturbations satisfying the con¬ 
ditions assumed in § 2. In § 4 the theory is extended so as to include more 
general types of disturbances. It is shown that, though the series of perturba¬ 
tions does not in general converge, yet it usually possesses the same asymptotic 
character as in the classical theory, and its use can therefore be justified. 

Throughout the paper the investigation is limited to systems possessing 
only discrete spectra, and there is no obvious extension of the method to systems 
with continuous spectra. 

2 . The Evistewc Theorem fa' a Differential System. 

We consider the infinite system of linear equations 
dwi * 

(* = 1,2,3,...) 

where the coefficients u iS are functions of z. We shall obtain a solution of 
these equations, under certain conditions by an extension of the Peano- 
Bakerf method to an infinite number of variables. 

* Bom, Heisenberg and Jordan, 4 Z. Physik,’ vol. 35, p. 557 (1020); SchrOdinger, 1 Aim. 
Physik,' voL 80, p. 437 (1020) j Dirac, ‘ Roy. 8oc, Proc.,* A, vol. 112, p. 06 (1026), 

f Peano, ‘ Math. Ann.,’ vol. 32, p. 157 (1890); Baker, ‘ Phil. Trans.’ A, vol. 216, p. 129 
(1918). For a short account of the method am Ince, “ Ordinary Differential Equations.” 
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The system of equations may be written in the matrix form 


dw 

dz 


•UW } 


(l) 


where u is the infinite matrix of the coefficients, and w is the diagonal matrix 
(w v w 2 ...). The problem is to find a system of solutions w , reducing to given 
values w 0 at a point z 0 . such that £ j w*} 2 is finite provided that £ | w* 0 j 2 is finite. 

i i 

We assume that z 0 is not a singular point of any of the coefficients, and that 
it is possible to surround z 0 by a finite domain D free from singularities. We 
shall also assume that, throughout the whole of I"), the matrix u is limited in 

; N | 

Hilbert’s sense ; that is, that the bilinear form j £ u ii x i y s j is bounded for 

i i,y » 1 i 

varying N, x , y , subject to the condition that and y i are any complex number® 
satisfying £ |x 4 | 2 < 1, £ \y j \ 2 1. 

i ~ :i j - \ 

We shall also have occasion, to use several well-known inequalities, and these 
are stated below so as not to interrupt the argument by reference to them. 
Schwarz’s inequality: 

|Lo6|* <1 S|o| a . E|6|*. 

Minkowski’s inequality: 

(S|So wl |-)^<S(S|« il(l |«)V. («>!) 

n m m n 

and 

HI f K ( X )dx\y*< f (si/. 

\«U» 1 / Je n 


where E is any measurable set. 

Also 

E|o + 6|«< A.(£|«|* + I|6|«), 

where A, is a constant independent of a and b. This can be extended to the 
sum of a finite number of terms n, with a constant A„ <n , but not to an infinite 
number. 

We define the matrix as tho matrix whose elements axe f t i tJ (z)dz, 

* Z* 

the integration being along any path lying in D. The symbol wQu denotes 
the matrix which is the product of the matrices u and Qu. We write Q (uQu) 

. as QiiQu, and so on. The series of matrices 

Q («) = 1 Qu + Q«Q« + QuQwQu -f- ... 


m 
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defines another matrix. We shall now prove that the matrix Q (u) exists and 
is uniformly limited in the domain D. 

The bilinear form corresponding to Q u is limited if u is limited. 

For 


j E f u lJ {z)dzx ( y i ( 

I j ~ 1 J Zn J 




£ u ii (z)x 1 t/ i dz 

UUwl 

S u il (z)x i y J 

J Za i,j XL 1 


dz <, sM. 


where M is a bound of the bilinear form £ aad s is the length of the 

ij 

curve from z 0 to z along which the integral is taken. 

Also the bilinear form corresponding to QuQu is limited, for 

N r* » I I [* N « 

j S S u if (z)(Qu) rj dzx i y j = £ £ u^iQu^x^dz 

j l, j — 1 Jr » 1 1 I J 4 j ~ X / ~ 1 


and the product of two limited forms with bounds M and M' is limited with 
bound MM'. 

'The last expression is therefore less than 

r M Hdt. = _L MV. 

Jo 2! 

It is easily seen by induction that the bilinear form £ is limited 

v 

with bound 

1 + Ms + A MV + ... = e‘ M , 

2 l 


and is therefore uniformly limited in D. 

Consider the expression 

w = (1 + Q« + QwQ« + QuQuQu -f ...)w 0 . 

Differentiating term by term we have 

dw 
dz 


(3) 


(m -j- «Qu -f uQuQu f ...) w 0 — uw - 


The term by term differentiation is justified since 
l»i| — ISQyW/t 

<{2|£V| a -SKl*}* 

i i 

“{sia *!*} 4 if 

i i 
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and the sum of the squares of the moduli of the elements of any row or column 
of a limited matrix is finite. The series is therefore uniformly and absolutely 
convergent. 

We have thus proved that a solution of the differential equations is given by 

w k= £i («) w Q . 


Moreover, when z =» z Qi w reduces to w 0 . We have yet to prove that 21 |* 

is finite. 

N N N 

Consider 2 QyaWi as the linear form 2 ( 2 0, {j y s ) Then 

ijzrl i = 1 ' jx* 1 ! 


S ( N 


< 2 

U=r 1 


» ini fK u 

I j • 


2(2 4^)^ 

I i * i v •••• i / 

The sign of equality can be made to hold by choosing 

|aCj| 2 = cj X iii.y/j ’ where c = £ IzJ 2 /! £ £ 

and 


T 


a/w 


| a* ( 2 ) j 5= constant for all 

But the bilinear form is limited, and so 


2 

i ~ 1 


2 £ly y i is bounded if 2 | y 5 [ a < 1. 

i *= i j -- 1 


Therefore £ | | 2 i« finite provided £ | m> 4 ° | 2 is finite, 

i » 1 %» 1 

For a system of finite solutions w, it is necessary and sufficient that the sums 

£^ | Qy | a , (i — 1,2, ...) should exist and be finite. For 

| «\ | < {£ | Qy | 2 . £ | «>/ J | *}> < {£ | | *}‘ 

i i i 


and | Wi | does attain its upper bound {£|£2y| 2 }*. This condition does not 

i* 

ensure that £ | «> t | 2 is finite, though it is obviously a necessary condition for the 
last occurrence. 

Theorem .— 1 The necessary and sufficient condition that the system of equations 
» uw should have a solution for which £ ! u\ | 2 is finite in D, is that the 
matrix £2 (w) should be limited in D. 

The condition is obviously sufficient, as we have proved the existence of 
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such a solution when the condition is satisfied. The condition is also neces¬ 
sary, for we have by hypothesis that 2 j w t | 2 21 2 1 2 is finite in D. 

But | 2 < {2 | 2 £2 W and the matrix £2 («) is therefore limited 

. _ * - S 

m D, 

If the matrix u is Hermitian then 21 | 8 = 21 ^ 4 °| 2 . The adjoint system 


of equations is 


dw 

dz 


— uw, 


where u is the transposed matrix of u . 

Consider the expression J- {2 w { w^ We may differentiate term by term on 
account of the uniform convergence of the resulting series. 

= 2 {utfWjiVi — fy/sfywj = 0. 

Therefore £ is constant and equal to £ m) 4 °m> 4 °. If w is Hermitian then the 

adjoint matrix is equal to the conjugate complex matrix, and w, tb are con¬ 
jugate. So 

S|w 1 |* = L|w < ®|* 

< i 


3. Application to the Theory of Perturbations. 

We consider the perturbation theory introduced by Dirac.* Let the wave 
equation for the undisturbed system be 

,4) 

where H is independent of the time. Its general solution is 

<l> “ 2 c*<k, 

» 

where the coefficients are constants. If a perturbation is added at time t«0, 
the wave equation becomes 

{ H -sl +A(,) } + " 0 ' 

Assuming a solution of the form 

+ = E a. (t)<K. 

n • 

♦ 

* Loc. tit. 

VOL. "Oxxn.— A, 2 Q 


(5) 
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the a, s are given by the equations 

iAa m = Sa n A m „, (6) 

27V ft 

where A mn is defined by the relation 

Ai|/„ = S A mn (7) 

m 

A** is a function of t only, and the matrix (A mn ) is Hermitian. If the matrix 
o— 

— (A mB ) be denoted by u, and if u is limited in (0, t), then the general solution 
in 

of the equations is 

o m = S {1 + Q« + Qu Qu + c„, (8) 

n 

or as we may write it 

= 5 f £ (Q«)'} C„. ( 9 ) 

«s=0 WcO J m ft 

The solution of equation (5) can also be put in the form 

+ = £c»<M<), 

n 

where c„ is a constant and tf> n (t) reduces to <J>„ at time t = 0. c n must, there¬ 
fore, be the same as in equation (8). If A contains a parameter X, tj>„ (t) can 
be arranged in powers of X: 

*.<<)« £ V* (*)• 

r let 0 

where (t) contains X f . 

It is permissible to equate powers of X, and since c„ is also arbitrary, we have 

tn M (t) « £ {(Q«)’l*» (10) 

*f» «* 0 

We oan therefore express the solution of (5) in either of the two equivalent 
forms 

a n (<) = S (s (Q«)'} c., (11) 

+ -£«. K W;*.(«)- £ { £ <Q«) r l (12) 

m n-0Vfw0 ^ nm 

where Q is the operator I it and (Q«) f must be interpreted from equations 
Jo 

(8) and (9). Also since is normalised, so is <f> m ((); and in addition the 
funotions 4> m (t) form a complete system of orthogonal functions.* 


* Took, ‘ Z. Phygik,’ vol. 49, p. 323 (1928). 
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4. Extension to More General Perturbations . 

We have so far only dealt with perturbations whose matrix is limited* 
Most of the problems which arise in quantum mechanics involve unlimited 
matrices. By the theorem proved in § 2 there will no solution of the differ¬ 
ential equations which satisfies all the conditions. It is still possible, however, 
to interpret the formal solution so as to give consistent results. All the matrices 
which occur in the perturbation theory have the property that the sum of the 
squares of the moduli of the elements of any row or column is finite. In this 
section, we examine the formal solution under this restriction. 

It may happen that the number of elements in any row or column of the 
matrix u is finite. This seems to be the case for most perturbations when the 
problem has only one degree of freedom, and also when the problem is separable 
as in the Stark Effect. We shall therefore examine this particular case. 

We have 

2 |M ir | 8 <M 2 , £ \Uri\ 2 <W (M< N), 

r a 1 r -= 1 

where M is a constant depending on N. 

Then 

j f 2 1 1 U ir a) (z) | * J* = jS J ( U (r (z) dz I* 

< (‘ (2 Kl*)‘efo 

J o r 


and 


s IV*’(«)l 2 

f ■=■ 1 


-{slf* 


2 w i(l w Br a> dz 


2)1 


r * 


Jo r n 


^0 nr 

sinoe the sum with regard to n is a sum over a finite number of terms. 
So 

f i’V 2) wi*J*< 

and by induction 

| (m;<m 0 (N)). 

where k and M depend on N. 

2 q 2 
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Now consider the solution ( 8 ) with a remainder. It is 

to ~ {1 -f~ Q u -f- Q u Qu -J- ... -f- (Qw)* -f- B,} ti> 0 , (IS) 

where 

R B = e Q «Q {«"«“«(Q«)*}. 

f* u dt 

e*** is merely the matrix e iZu and is not to be expanded as a symbolical 
operator. 

We further suppose that the perturbation A contains a small parameter X, 
and therefore that K n is divisible by X n+i . 

Now (E{1 + Qu + ... + (Qtt) T %&V°| is finite by the inequalities proved 

r 

above, and | £ (R,,),, w r ° |/X" +1 is less than a constant depending on », but. 

r 

independent of X. Therefore for fixed n, 

| w t — S {1 -|- Qu + ... + (Qm)"W«V° ! /X" = 0 (X) -0 as X - 0 . 

r 

This is just the condition that the solution 

w = Q (u) w 0 

should be an asymptotic series. 

Thus the series 

w* = S {1 + Qu + Qu Qu + ...}irW r 0 , 

r 

gives an asymptotic representation of the solution for all finite values of i, 
in just the same way that Poincare’s solution of the perturbation problem in 
classical mechanics is asymptotic. The justification of the use of such series 
is the same for both the quantum and classical theories. 


5. Periodic Solutions. 


We now consider a perturbation which is constant for t > T. Whent T, 
the total energy is a constant of integration of the system and can therefore 
be represented as a diagonal matrix. This means that a solution of the wave 
equation is possible in which the wave funotion only involves the time through 

ZwiVft 

the factor e * , and is therefore a periodic solution for t > T. Now the 
wave functions for the unperturbed system involve the time in the manner 

_8irtW s < 

<j/ n a .A" . By the theorem on the existence of a solution, it must be 

possible to satisfy the wave equation of the perturbed problem by a series 


— 

n 

— £SS(W“Wa) 

where, for t »> T, a„ only involves the time through the factor e~ * . 
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By considering an adiabatic perturbation we can obtain equations for W by 

equating the time factor in the solution of § 3 to e k “ ; butthe equations 
are in a very inconvenient form. We may evade the difficulty by substituting 

a n =£= b n e h directly in the differential equations for a n . We know 

that a solution is possible and therefore it must be given in this form, where 
b H is constant. There are an infinite number of linear equations for the h n 9 s. 


where 


(W n -W) b n + 


~.t5!*(W„ w*) 
A-nm^ ‘ j 


(14) 


and is independent of the time. Assuming that the matrix 



B„m . 

W-W n ' 


is limited, these equations are soluble if W is a characteristic of the matrix. 
If the perturbation involves a parameter a. we may assume solutions in powers 
of X. and equate coefficients. This leads to the perturbation theories of Born, 
Heisenberg, Jordan and Schrodinger. Even if the matrix is not limited, the 
formal solution will be asymptotic provided the less stringent conditions of 
§ 4 are satisfied. We have already obtained, in § 3 equation (10), Sobrodinger’s 
solution for perturbations involving the time explicity, and it is now seen that 
all the perturbation theories are equivalent, as they ought to be. 

We shall now show that the Stark Effect can be treated by this method. 
When the problem is separated in parabolic co-ordinates, the following equa¬ 
tion arises* 



F is the perturbing term and n 3 is a positive integer or zero. For simplicity 
wc shall put n s zero. When F = 0 the solutions of (15) are given by 


and 

where 


y, = (as) 

<x — n (n = 0,1, 2, ...), 


* SckrCdinger, loc. eft. 
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The matrix components of the perturbing energy are 

C ¥a?e-*L m (z)L n (z) dx 

B = Jo _ 

^wb r r* r* ] 4 * 

| J e~*W(x)te-\ Q «-Lw« 

If we assume a solution of the perturbed equation in the form 

y = 2 Ky„. 

11 

then 

(ft — a) b f) -j- £ — 0. 

m 

Since B„„ = 2F (3m 2 + 3» + 1), the matrix (8„ m ———- ) is not limited; but, 

V a — n ! 

on account of the recurrence relation between three consecutive L B ’s, 

L»+i (®) — (2 n + L — x) L„ (a) + n 2 L„_ t (x) —• 0, 

B nm vanishes unless \m — n\ 2. There will, therefore, be a solution, but 
only an asymptotic one. This is not a defect in the theory, but is a necessary 
feature. If there were an exact solution, y would behave like (•' *' 2 at infinity. 
This is impossible, as Fr is the leading term at infinity. There is therefore no 
stationary state of the system. The theory developed here shows that the 
Stark Effect can be obtained by starting with a hydrogen atom initially, and 
then building up an electric field. Also, sinoe the solution is only asymptotic, 
the electron cannot always stay in a quantised orbit under the action of the 
limiting electric field, however small, but must finally escape from the atom and 
become free. 

This justifies Schrodinger’s treatment of the Stark Effect to some extent, 
but there is still one point which requires to be considered . We have neglected 
the continuous spectrum of the system, and this is not really permissible as 
the electric field will induce transitions from the discrete states to the con¬ 
tinuous states. Schrodinger avoids this difficulty by employing a trans¬ 
formation which has the effect of eliminating the continuous spectrum, thus 
obtaining equation (15). We have seen that there are no exact solutions of 
this equation, and this seems to correspond to the neglect of the continuous 
spectrum. It is therefore possible that a perturbation theory which included 
the continuous spectrum would be exact; but the present method seems 
inadequate to deal with such a theory. 

In oonolusion we have shown that, for a certain limited type of perturbation, 
the solution is asymptotic; but it may well happen that the solution is asymp¬ 
totic in many other cases. 
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Effect of Combined Electric and Magnetic Fields on the Hdium 

Spectrum .* 

By J. Stuart Foster, Assistant Professor of Physics, McGill University. 

[Plate 10]. 

(Communicated by A. 8. Eve, F.It.S.—Received October 24, 1928.) 

Introduction .—This paper deals with the observed effect of simultaneous 
electric and magnetic fields on oertain of the more intense helium lines, and is 
further limited to the case where the fields are uniform and parallel. 

The effect of parallel fields was first considered by Garbasso,f who adopted 
the classical view of the “ rough ” Stark-effect on as given by Voigt ,% 
and concluded that the effects due to the two fields should be simply superim¬ 
posed. Shortly after this he was able to make visual observation^ which 
were restricted to H a owing to intensity requirements. A source of the Lo 
Surdo type was placed along the axis of the hollow poles of a Weiss magnet, 
and the analysis made with a Michelsoa echelon. In the electric field alone 
Garbasso observed two parallel components and one undisplaced perpendicular 
component. This corresponds to a so-called “ rough ” analysis of the Stark- 
effect in which the individual components are not observed. In the magnetic 
field he found a normal Zeeman pattern. With combined parallel fields there 
appeared two parallel components in the position of the Stark components of 
like polarisation, and two symmetrically placed perpendicular components 
with the normal Zeeman separation. This simple result could not be given a 
satisfactory interpretation on classical theory. 

The more adequate quantum theoretical solution of this problem was first 
given by Prof. Bohr,|| who pointed out that the uniform Larmor precession 
of the electron orbit round an axis through the hydrogen nucleus and parallel 
to the applied fields does not affect the time mean displacement of the electron 
in the direction of this axis. That is, the application of a magnetic field does 
not influence the change in potential energy which resulted from a previously 
applied electric field. While this is in agreement with Garbasso as regards 
the independence of the Stark and Zeeman effects, the quantum theory gives 

* This research was assisted by a grant from the National Research Council of Canada. 

t * Ital. Fis. Soo.** Florence, April, 1914. 

t * Gofct. Naohr., 1 vol. 1, p. 71 (1914). 

| 4 Phyaik. Z./ vol. 15, p. 729 (1914). 

11 ‘ On the Quantum Theory of Line Spectra,' Copenhagen (1922). 
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the correct number of components, and, in its latest form, the intensities as 
well. In the theoretical combined effect of parallel fields, each parallel Stark 
component remains unaffected by the magnetic field, while each perpen¬ 
dicular Stark component is split symmetrically into two components of equal 
intensity. The more recent theoretical developments by Epstein, Halpem, 
Klein, Urey and Pauli do not affect the interpretations of the data under 
discussion. 

It is interesting to oonsider certain finer details of the above-mentioned 
experiment in the light of present theory. Qiven the correct number of Stark 
components of H„ with intensities as calculated by Scbrodinger,* we still 
need to know the relative intensities of the two fields in order to complete a 
theoretical representation of the splitting in simultaneous parallel fields. 
Assuming that the displacements were represented on a common scale by 
Garbasso, it follows that the observed displacement of each perpendicular 
Zeeman component in the normal effect was very nearly equal to the theoretical 
unit in the Stark displacements at the electric field employed. On this basis 
it is not unreasonable to expect a moderately strong undisplaced perpendicular 
component which has not been found. 

Such difficulties in regard to detailed interpretation arise partly from the 
fact that H„ is a complex line. This complication may now be avoided in the 
experiments, since quantum mechanics has permitted a satisfactory theoretical 
interpretation of the effect of the fields on the single lines of parhelium.f 
Without detracting from the fundamental importance of the early visual 
observations of Garbasso, therefore, it is the present purpose to record photo¬ 
graphs of the effect of simultaneous parallel fields on single lines so chosen as 
to allow very definite interpretation of the experiments. 

It is dear that the experiments can be carried out most easily in the case of 
lines with Stark components which can be resolved without difficulty, and yet 
are not greatly displaced. The danger of large Stark displacements lies in 
the variations of the electric field, which in such cases may easily efface the 
magnetic resolutions. From this practical point of view the parhelium com¬ 
bination line 2P — 5F (near the diffuse line X 4388) is rather satisfactory. 
Its mere presence is evidence of the external electric field. The perpendicular 
Stark component of this line which is identified by m = ± 2 in the initial 
state increases rapidly in intensity with increasing field until in moderate fields 
it is a very strong line clearly separated from its neighbours, and in addition 

* ‘ Ana. d. Phyiik.,’ vd. 80, p. 437 (19*9). 

t ' Boy. Soo. Proo.,’ A, voL 117, p. 1*7 (19*7). 
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possesses the advantage of a negligible first order Stark-effect.* The initial 
purpose of the experiments was to split this line with a superimposed and 
parallel magnetic field. 

Experimental Arrangements .—The electromagnet was recently constructed 
at Ryerson Physical'Laboratory, Chicago, and is capable of giving rather high 
fields. Under present working conditions, however, with holes 11 mm. in 
diameter drilled through the poles, and a separation of 10 mm., the field was 
only 2500 gauss. 

Through the poles a tube of the Lo Surdo type was so placed horizontally 
that the exposed cathode surface came mid-way between the poles. The light 
from the region near the cathode was reflected from a plane mirror oriented 
to give a vertical virtual image. The light was passed through a Wollaston 
double-image prism, and focussed on the slit by a suitable photographic lens. 
The slit thus received two polarised images of a source in which the magnetic 
field was uniform, while the electric field varied from zero to the maximum 
value. 

The light was analysed with a large prism spectrograph. The camera is a 
reproduction of one belonging to a spectrograph described in an earlier paper.f 
The new prism chamber has been made somewhat larger, however, to accom¬ 
modate six 60° prisms with faces 4 inches x 2£ inches. The diameter of the 
oircular chamber is 18 inches. The prisms rest on a heavy iron plate which is 
accurately flat, and the whole is enclosed in a tight case. Included in the 
chamber are heating units, properly controlled to maintain the temperature 
constant and slightly above that of the room. Six prisms were used in the 
present experiments. The lenses are doublets 8 inches in diameter and have a 
focal length of 45 inohes. This spectrograph has proved to be a very satis¬ 
factory instrument for studies of the Stark-effect, and in this connection it 
may be of interest to compare the results obtainable with a grating mounted 
at this laboratory. , 

The stigmatio grating spectrograph has been constructed in the manner 
described by Meggers and Burns.! The concave grating, supplied by Johns 
Hopkins University, has a diameter of 6 inohes and 21-foot radius of curvature. 
There are nearly 16,000 lines to the inch. In the second order the dispersion 
(an important factor in Stark-effect photography) is about the same as that 
obtainable with the full prism spectrograph at 4100 A. Upon comparing these 

• See photograph, Plate 7, ‘ Roy. Soo. Proo.,’ vd. 114, p. 47 (1M7). 

t Foster, ‘ J. Op. Soo. Am. * R.SI./ vol. 8, p. 878 (1924). 

{‘Sol. Paper*, Bur. Standards,* vol. 18, p.lM(lM3). 
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instruments it has been a little surprising to find that the prism spectrograph 
gives a# good resolutions, and roughly five times the speed of the grating. 

Observations .—One effect of the superimposed magnetic field is to constrict 
somewhat the discharge near the cathode. In consequence of this action, 
the maximum electric field established was in each case nearly twice that 
which might have been expeoted in the absence of the field. In a typical 
experiment a potential of 8000 volts was applied to a tube 2-5 mm. in diameter, 
the superimposed magnetic field being at the time 2700 gauss. Under these 
conditions a maximum electric field of 96,000 v./om. was developed. The 
current through the tube was 8 mil. amps. 

The expected combined effect has been found for all principal and sharp 
series lines which appeared on the plates (XX 4713, 6015, 4438), and for a few 
of the stronger components of the new line groups which appear in the presence 
of electric fields. Owing to the small separations and low intensities of many 
of the Stark components, however, the complete analysis could not be expected 
in the latter case. 

Fig. 1 (Plate 10) represents the perpendicular components of the parhelium 
group 2P — 5Q (X4388) in an electric field of 63,000 v./cm., and magnetic 
field of 1660 gauss. The plate reproduced was exposed for 30 minutes; but 
a clear splitting of the oentral Stark component was found on the first plate 
with an exposure of 3$ minutes. The magnitude of this symmetrical splitting 
is seen to be independent of the strength of the electric field. The slight 
shift of the central Stark component toward the red in the higher electric 
fields is an effect proportional to the square of the field as first observed by 
T&kamine. 

Fig. 2, Plate 10, is a photograph of the parallel (upper) as well as perpendicular 
components of the orthohelium group 2p — 4q (X 4471) taken when fields of 
60,000 v./om. and 2260 gauss respectively were applied to the source. In 
very Iqw or zero electric field the normal Zeeman effect is observed for all 
lines. The new combination line on the left, 2p — 4/, like all other new lines, 
appeaxs as a doublet in the " perpendicular ” image. This doublet Character 
is clearly retained with constant separation throughout the range of electric 
fields by the strong perpendicular component identified by ± 2 in the initial 

State (aitow). The corresponding component of the original diffuse line has 
the same character, though it is less dearly reproducible. The remaining 
Stark components are known to have such small separations that definite 
resolutions ere hot obtained in the presence of a magnetic field, the doublets 
are, of ooura, absent in the parallel image. 






Foster, 


Roy. Soe. Proc,, A, vol. 122, PL 10. 



Fig. 2. 

The arrows point to components which appear only iri the presence of an electric field and 
are made double by a magnetic field. 


(Faring p, fl02.) 
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A point of some interest in the Stark-effect alone is the reappearance of the 
component Q (0;!)* of the 2P — 5Q group in fields above 95,000 v./cm. It 
may be recalled that in an earlier paper it was shown that Stark components 
of this (and similar groups), which are identified by m = 0, ± 1 in the initial 
state, must vanish or become especially weak respectively whenever the dis¬ 
placement is such that they theoretically coincide with the zero field position 
of the p — p combination line of the same group. In higher fields, however, 
if the displacement continues to increase, the intensity (which is very closely 
connected with the displacement) will eventually become great enough for 
observation. As already pointed out, the components in question should return 
at just the field strength in which they have now been observed. 

While no difficulty has been found in sustaining the discharge with crossed 
electric and magnetic fields, the photographs so far obtained have not been 
satisfactory. 

Summary. 

Parallel electric and magnetic fields have been applied to a helium source, 
and the light analysed by a prism spectrograph of high dispersion. 

The effects in parhelium and orthohelium are clearly additive in the sharp 
and principal series, and for the components of the diffuse lines which are 
resolved. The magnetic separation is independent of the magnitude of the 
Stark-eft’ect. 

Certain Stark components which were known to vanish in moderate fields 
now reappear under the action of stronger fields, as predicted in the quantum 
mechanical explanation of the Stork-effect for helium. 

* That is, the unresolved Stark components of 2P — 5G which are identified by. m — 0, 
i 1 in the initial state. 
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Pressure Distribution in a Fluid due to the Axial Vibration 

of a Rigid Disc. 

By N. W. McjLaohlan, D.Sc., M.I.E.E., F.Inst.P. 

(Communicated by F, E. Smith, F.R.S.—Received November 2, 1928.) 

The advent of broadcasting has stimulated scientific interest in the repro¬ 
duction of sound by the aid of moving diaphragms. There is a distinct change 
in the quality of reproduced music according as one stands in front or at the 
side of a loud speaker. This is due to non-uniform pressure distribution from 
the diaphragm at various frequencies. When the wave-length of sound is 
comparable with the radius of the diaphragm there is a focussing effect. 
This occurs at the higher audio-frequencies and upsets the tonal balance unless 
the listener is situated on the axial line of the diaphragm. 

The purpose of the present paper is to examine analytically the pressure 
distribution in the space surrounding a flat rigid disc vibrating in a plane of 
infinite extent. The plane prevents interference of the sound waves emitted 
by the two sides of the disc. 

Axial Pressure. 

Referring to fig. 1 the velocity potential due to an elemental ring moving 
axially under simple harmonio motion with velocity & is 



Fig. 1. 

where k ~ to/c and c is the velocity of longitudinal waves in the fluid. 

Integrating this over the surface of the disc with reference to the point P 
we get, 



The pressure at P is 

P« «= — 9 d^jdi — ■ pxfik from (2) 

« 2pi/Jk. sin Jk/2 (R x ~ R). (3) 
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Apart from phase, the pressure at a point P on the axis of the disc is 

p a «* 2pair 3 . sin \h (R x — R). (4) 

Expression (4) indicates that when sin (R x ~~ R) = 0, or when 

R x — R =ss 2 tc n/k, the pressure vanishes, is., a node occurs. The last 
expression can be written R x — R ~ /iX, where X is the wave-length and n 
is a positive integer. 

As an example, let a — 10 cm., / = 4096 cycles, then in air at N.T.P. 

X = 8*25 cm. and there is only one node which occurs 1-93 cm. from the 

disc. When/ = 8192 cycles there are two nodes which occur at distances 
of 1*93 and 10 cm. respectively from the disc. In general, the last node- 
farthest from the disc—occurs when n = 1. 

When R the distance from the disc is large compared with the radius a 
we can write 

R x — R — a 2 /2R and sin \1c (R 1 — R) = &a*/2R. (5) 

Substituting the value from (5) in (4) we obtain the axial pressure 

p a » pii»*/2R. (6) 

Thus at a point whose distance exceeds, say, five diameters, the axial 
pressure is proportional directly to the acceleration of the disc and inversely 
to the distance from the disc. 

Pressure at Point Remote from Axis. 

From geometrical considerations of fig. 2 we have 

r 2 ssb 6 2 + c 2 + y % — 26 y cos 0 « R a -f j/ 2 —. 2by cos 0. 

Since 6 = R sin we get 

r* = R* -f. y* — 2R y aim $ cos 0 =» R a {1 4* ^/R 2 — 2y/R. sin tf> cos 0}. (7) 
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If yj R is small, y 2 /R* can be neglected in comparison with unity, although 
it is greater than 2y/R . sin tf> cos 0 when — not 0 = Jw, fit. Thus from 
(7) 

r ss R (1 — yj R . sin <f> cos 6). (8) 


The velocity potential at a point P, remote' from the axis, due to an elemental 
area ds at Q moving axially with velocity x is, 



x f e~ m 
2iJ r 


where ds = y dy <10. 

Substituting the value of r from (8) in (9) we have 


0) 




x 

2ttR 


ra 

Jo Jo 


e -U(H-».tu«co,«) ydj/d6( 


where R in the denominator is written in place of R — y sin «j> cos 6 since 
y sin <f> cos 0 is negligible by comparison. 

From above we obtain 


giky Ain 4* cos B 


. x e~ ttE f“ f®' 

2tc ' R J 0 Jo ^ 

Taking the first integral we have 

( e*** 1 #ln * 009 6 dQ — j {cos (ij; cos 0) + i sin (t{> cos 0)} dO 

Jo Jo 


where 4* = ky sin <f>. 
Now 


and, therefore, 


| sin(4<oos 0)d8 =*0, 


( 10 ) 


.In 4 rm » = cos 008 0) ^0 = 27tJ 0 (+) (11) 

Jo Jo 


Substituting the result from (11) in (10) we get 


But 


and 


<A = - £ J 0 (ki ““ <f>) y ty- 

f 4'Jo(4') dty * 

Jo 

= ky sin 4 or dy — difjh . sin <j>. 


( 12 ) 

(13) 
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Substituting, we find 

pa * | rfca Hlrt 4 * 

= ka sin <f>/k? sin 2 <f> [J x (ha sin <f>)] from (IS) 

= a 2 [J x (ka sin <f>)jka sin <j>], (14) 

Hence * 

<f> sss — xah^^jH . [J x (ka sin tyfka sin <j>], (15) 

Thus the air pressure at P is given by 

— — p d<j>jdt 

= pia 2 /R . e“' i * B [G 1 ], where Q x = J x (ka sin <f>)!ka sin <£. 

The scalar value of p is, therefore—writing r for II since they are almost 
equal at distances of 5 diameters or more— 

p = \$xah~ l . 2G X (16) 

= axial pressure X 2G X . (17) 

The function G x is plotted against ka sin <f> in fig. 3. Starting at 0*5 it 
gradually falls to zero and then oscillates about this value. Interpreted in 



the physical sense, the fall to zero corresponds to the reduction in pressure due 
to interference of the radiation in the space beyond the disc. Zero value indi¬ 
cates zero pressure, that is the practical limit of the radiated pressure beam. 
Thereafter the pressure is alternately positive and negative (relatively) but of 
small value compared with that on the axis of the disc. 

There are two interesting values of iasin When its value is 2*2 the 
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pressure is halved, and when 3*83 the pressure is zero, i.e., a nodal surface. 
Beyond the latter point there follow the negative a&d positive zones, these 
being separated by nodal surfaces. 

In air at N.T.P. the angle of the first nodal surface at which p 0 is given 
by the relationship <f> = sin -1 2 X 10 4 /a/. 

For a disc 10 cm. radius at 4096 cycles—top note on the piano—the angle 
</> is approximately 30°, whilst at 8192 cycles ^ = 14*6° which is quite a narrow 
beam. For larger discs the focussing would be more pronounced, i.e., the 
angular width of the beam would be less. 

In fig. 4 are shown polar curves of pressure distribution of discs 5 and 10 
cm. in diameter at frequencies corresponding to the middle and the top of 



Radius of 
disc. 5 om. 



Radius of 
disc. 10cm. 


the pianoforte. The medium under consideration is air at N.T.P. In order 
to avoid confusion, only the main polar curves at 4096 cycles are shown. The 
complete diagram contains small ovals at each side of the nmin ourvee. The 
relative m a gni tude of the pressures at various angular distances oan be obtained 
from the data given in the table below. 

From fig. 4 it is clear that the width of the central beam decreases with 
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increase in the frequency of vibration and also with increase in the diameter 
of the disc. 

It may be inferred from this analysis that for uniform pressure distribution 
over a hemispherical surface, the disc ought to approximate to a point source. 
In practice this iB discountenanced owing to limitations imposed by the driving 
agent due to the relatively large amplitudes required to radiate the lower 
frequencies. If a disc 1 cm. radius were driven by an annular coil in a radial 
magnetic field, the back e.m.f. due to the motion of the coil at frequencies below 
200 ~ would cause a considerable reduction in the current and therefore in 
the force on the disc. 


Table showing Values of 2Gj for various Values of <f>. In plotting fig. 4 the 
Axial Pressures at 266 ~ and 4096 ~ have been assumed equal. 



Function 20.. 

Angular distance 



degrees. 




Disc 5 cm. radius. 

Disc 10 cm. radius. 

0 

10 

1*0 

10 

0*94 

0*78 

20 

0*79 

0-35 

30 

0*6 

-0*015 

40 

0*4 

-0*18 

50 

0*22 

-0*09 

60 

0*11 

-0*024 

70 

0*04 

+0*02 

80 

00 

-f 0*045 

90 

—0*015 

40*05 


TOl. COOtH.—A. 
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The Mechan ism of the Homogeneous Combination of Hydrogen 

and Oxygen, 

By H. W. Thompson and C. N. Hinshblwood. 

(Communicated by Sir Harold Hartley, F.R.S.—Received November 21, 1928.) 

According to the generally accepted belief, molecules do not, in most chemical 
reactions, undergo transformation until they have had imparted to them by 
some physical agency, such as collision with another molecule, a certain 
critical amount of energy. This process is commonly called “activation/' 
Ordinarily it is governed by the energy distribution laws prevailing in a system 
in thermodynamic equilibrium, but in exothermic reactions a special mechanism 
has been shown to be possible, in which the energy set free is communicated 
by the molecules formed ip the reaction to untransformed molecules, and 
immediately activates them, thereby establishing what is known as a reaction 
chain. 

In a theoretical discussion of the matter Christiansen and Kramers* have 
called attention to the fact that these chains may be of two kinds. In the 
first kind each act of chemical transformation does not produce more than one 
molecule capable of continuing the chain ; and since the chain may be inter* 
ruptedby various circumstances, a “stationary ” condition will be established 
when the number of chains starting in unit time is equal to the number which 
are terminated* 

In the second kind more than one activated molecule ia produced at each 
link of the chain, and the velocity of reaction may increase indefinitely, no 
stationary condition being possible. 

The velocity of a chain reaction can be expressed in a general way by the 
formula 

V = r (c)/{/(c, s) 4- A (1 — *)}, 

where F(c) is a fauction of the concentrations of the reacting substances, to 
which the number of chains starting in unit time is proportional; / (c, s) is 
another function of the concentrations, or of the surface of the vessel, governing 
the rate of breaking of the chains ; A is a constant in reactions where only 
one kind of molecule is involved, but in reactions between two kinds of mole¬ 
cules is a function of concentration; and a is a fraction which measures tlje 
average number of activated molecules produced in each act of transformation. 

* '2. Phys. Chern..’ vol. 104, p. 451 (1923). 
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If a ^ 1 this expression, although it may become large, is always finite* 
Thus in the first kind of chain, a stable or “ stationary ” velocity, by which is 
to be understood one which does not increase with time, is always possible. 
In the second kind where a > 1 the velocity becomes infinite at the point 
where 

/(c, s) s= — A (1 — a), 

a itself may vary somewhat with concentration, and wben/(c, s) is small, a 
very small change in a may cause the reaction velocity to change suddenly 
from a finite magnitude to infinity, which means to say that a very small 
change in concentration may result in an abrupt transition from slow reaction 
to explosion. This was first pointed out by Semenov.* Chains in which a 
stable velocity is established probably occur in the combination of hydrogen 
with chlorine, in the oxidation of certain aldehydes, and in other reactions ;f 
while Semenov has recently shown that in the oxidation of phosphorus vapour 
by oxygen at low pressures the velocity may become non-stationary at a 
certain critical pressure, below which the reaction is extremely slow, and above 
which it is explosive. A critical pressure of this kind is quite different from one 
above which explosion occurs because the reaction has become so rapid that 
conditions can no longer remain isothermal. 

The combination of hydrogen anti oxygen in the gas phase at temperatures 
between 500-600° C. is a chain reaction.J Since the velocity is very much 
decreased by increasing the extent of the surface of the containing vessel, and 
very much increased by the presence of foreign gases, it must be supposed that 
the principal way in which the chains are interrupted is by some deactivation 
process occurring at the walls, the foreign gas lengthening the chain by keeping 
the active molecules out of contact with the surface, rather than breaking it 
by depriving them of their energy. These chains are propagated with a 
stable velocity which increases rapidly with temperature and concentration 
up to the point where the normal thermal explosion takes place. 

A small amount of nitrogen peroxide in the gas can, however, initiate a non- 
stationary process.g At temperatures and concentrations of hydrogen and 
oxygen where the rate of the normal combination is negligibly small there is 

* ‘ Z. PhyBik/ vol. 46, p. 109 (1927) and vol. 48, p. 57i (1928). 

t Thon, ‘Fort. Chem. Phys..’ vol. 18, p, 23 (1926); B&dwtrSm, ST. Amer, Chem. 
Soc./vol. 49, p.1460 (1927). 

t Hinahelwood and Thompson, * Roy Soc. Proo.,* A, vol. 118, p. 170 (1928); Gibson 
and Hinshelwood, ibid, vol. 119, p. 591 (1928). 

§ Gibson and Hinshelwood, 1 Proc, Faraday Soo.’ vol. 24, p. 559 (1929), arisieg from 
H, B. Dixon's work on ignition temperatures. 


2 R 2 
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an upper and a lower critical concentration of nitrogen peroxide, above and 
below which limits the velocity of reaction is negligible, but between which 
there is instantaneous ignition of the hydrogen and oxygen. The transitions 
are abrupt, there being no intermediate region of high “stationary ” velocity* 

Chaim of Non-stat ionary Type in Mixtures of Hydrogen and Oxygen 

alone . 

It has now been found that the stationary chain process occurring in the 
reaction between hydrogen and oxygen at higher pressures, may give place 
to a non-stationary one leading to explosion at lower concentrations. In the 
previous experiments, where hydrogen was always admitted to the reaction 
vessel first, and oxygen subsequently, it was observed that ignition always 
took place as the oxygen entered, if the pressure of hydrogen were too small: 
this was in keeping with the experiments of Dixon,* who found that when 
oxygen was admitted to an atmosphere of hydrogen by a jet, the ignition 
temperature decreased with the pressure. 

At first we were inclined to believe that this phenomenon was only of 
secondary importance, and connected with the thermal conductivity of the 
gases, and the peculiar conditions prevailing in the region where they met, 
rather than with the reaction velocity in the uniform mixture which would have 
resulted had inflammation not occurred. The phenomenon was nevertheless 
investigated further, and proved to be fundamental. The first experiments 
were made by finding the minimum pressure of hydrogen in which oxygen 
would no longer ignite as it entered through a capillary tube into a silica 
reaction bulb of about 250 c.c. capacity aj 550° C. When the pressure of 
hydrogen is greater than 84 mm. mercury, no inflammation takes place, but 
only the normal reaction, which at this pressure is rather slow. Immediate 
inflammation occurs at all hydrogen pressures between 84 mm. and 30-40 mm., 
below which limit the combination suddenly becomes very slow. If, on the 
other hand, hydrogen is admitted to oxygen, the upper pressure limit is 135 mm. 
oxygen. If the pressure of hydrogen or oxygen is less than the upper critical 
limit, ignition can be prevented by previously introducing an amount of argon 
equal to about three times the deficiency of hydrogen or oxygen. 

If the hydrogen or oxygen are mixed in the desired proportion before 
admission to the reaction vessel at 550° C., ignition occurs as soon as the 
pressure in the vessel passes the lower limit: this circumstance makes it 
mpossible to pass the upper limit. The exact position of the lower limit was 
* * Mem. Proc. Manch. Lit. Phil. Soo„* voJ. 70, p. 29 (1026). 
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difficult to determine owing to the feebleness of the explosion at suoh low 
concentrations. These experiments prove that the ignition in the region of 
low pressures does not, as was originally suspected, occur only when a jet of one 
gas is surrounded by a complete atmosphere of the other, but must depend 
upon the establishment of non-stationary reaction chains in the mixture. 

The most satisfactory method of investigating the position of the upper 
critical limit was found to be as follows : Hydrogen was first admitted to the 
reaction bulb at a pressure great enough to allow the admixture of a known 
amount of oxygen without inflammation. The mixture was then slowly 
withdrawn through the tap leading to the pump. When the total pressure 
had fallen to a quite sharply defined value, explosion occurred. The amount 
of normal reaction which occurred during withdrawal up to the instant of the 
explosion was quite negligible. Tlie occurrence of the explosion was found 
to be determined simply by the pressure, and not by the rate of withdrawal, or 
the exact length of time during which the mixture had remained in the vessel; 
thus it is not in any way a “ time-lag ” phenomenon. The results obtained 
by this method have more quantitative significance than those described above, 
but are quite consistent with them. 

The following facts about the upper critical pressure were ascertained:— 


(a) At a given temperature it is slightly lowered by an increase in the ratio 
H 2 /0 2 in the mixture 


Temperature. 

i 

Ratio hydrogen to 
oxygen. 

Total pressure 

H a + O t . 

580° C. 

* 0*5 

120 

• 

0*67 

ns 


1*0 

97 


2*0 

99,99 


3*0 

t 

83 


( b ) It is somewhat lowered by the presence of argon, but not very markedly. 

Thus at 650° C. the critical pressure for a mixture [2H 8 + 0 2 + 2A] 
was 137 mm., i.e. } 55 mm. argon and 82 mm. of [2H 2 + OJ; thus 
55 mm. argon lower the critical pressure of the reacting gases from 
99 mm. to 82 mm. Further examples will be given in the table below. 

(c) The critical pressure at any temperature over, a wide range is almost, if 

not quite, independent both of the nature and extent of the surface of 
the reaction vessel. Experiments were made in three vessels, a 
capillary-necked silica bulb of about 300 c.e. capacity; an identical 
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bulb containiug 17 lengths of silica tubing open at both ends and packed 
vertically so as to fill it completely; and a bulb of Worcester porcelain. 
Detailed results are given in the table below. 

(d) The critical pressure diminishes rapidly as the temperature falls. 


Table I. 

U) 

Temperature 

*0. 

Critical pressure in mm. mercury 2H 2 } 
in unpacked silica bulb. 


| | 

average 

570 

[ 134,132, 132 i 

132 

560 

113,114 

114 

550 

99 

99 

530 

76, 79 

78 

530 

61,61 

61 

fill 

41,42, 42 

42 

500 

32,33 

33 

489 

26,25 i 

25 

480 

21,21 i 

21 

460 

10, 11, 11 1 

11 

440 

no explosion at all. 



<ii) 


Temperature 

■0. 

Critical pressure in mm. mercury [2H S f 
in silica bulb packed with tubes. 

• 



mean 

581 

151, 154 

154 

560 

107, 110, 108 

108 

546 

85, 82, 82 

82 

530 

63 * 

63 

529 

62 

02 

507 

30, 40, 38 

38 


(iii) 


Temperature 

Critical pressure in mm. mercury [2H ft 4- ()*] 
in porcelain bulb. 



mean 

see 

127, 121 

124 

360 

105, 101 

103 

851 

84, 84 

84 

580 

49, 56, 56 

56 

516 

37, 40, 39 

39 

500 j 

35, 27, 27 

27 

473 

no explosion at all. 

■ i 








Homogeneous Combination of Hydrogen and Oxygen. 615. 


Table I—(continued). 


(iv) 


Temperature 

*C. 

! 

Critical partial pressure 
of 2H| *f 0, in mm. 
mercury. 

Pressure of argon 
at oritioal point. 

m 

107 

1 71 

568 

! 05 

! m 

.550 

i 82 

| 06 

548 

80 

53 

630 

42 

1 28 

506 

28 

10 

i 


The determination of the exact position of the lower limit as already mentioned 
is, for purely practical reasons, very difficult. The experiments which have 
just been recorded yield, however, a certain measure of indirect information 
about its position. The temperature at which ignition ceases entirely will be 
that at which the upper and lower pressure limits coincide. In the unpacked 
silica bulb this temperature was about 450° C., whence from the curve in fig. 1 
the limit would appear to be approximately 8 mm. 



That the upper limit is independent of the surface of the reaction vessel is 
the more striking since the velocity of reaction when the concentrations are 
above this limit is muoh diminished by increasing the surface. To avoid any 
possibility of error, the truth of this fact, although fully established in the 
earlier experiments, was again confirmed by making measurements in the two 
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lilies bulbs referred to above. These had been specially constructed so as to 
be identical in every respect, except that of the tubular packing of one. 


! 

Time for 30 per oent. reaction in— 

Temperature «s 555° 0. 

i 

Unpaoked bulb 
volume e* 301 c.c. 
area — 256 sq, om. 

Packed bulb 
volume « 230 o.c. 
area n 1245 aq. cm. 


/ m 

/ 0 

400 mm. H, with 200 min. O t 

3 14 

40 46 

200 mm. H* with 100 mm. 0, 
900 mm. H* f 100 mm. O, and 
370 mm. N t 

14 0 

1 

250 0 

3 53 

180 0 


Theoretical Discussion. 

Combining the results of this with those of the previous investigations, it 
now becomes apparent that the relation between reaction velocity and pressure 
must be represented by a curve of the form shown in fig. 2. 



The most remarkable fact about the oritioal limit at B, where the velocity 
becomes infinite, is that it terminates a region of falling reaction velocity. 
The dependence of reaction velocity in the region BO on the concentration of 
hydrogen, oxygen, foreign gases, including steam, and the surface of the 
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reaction vessel is, in general outline at least, adequately accounted for by the 
working hypothesis previously advanced.* 

According to this, reaction chains are initiated by a termolecular process 

2H a + 0 2 « 2H 2 0 

yielding active molecules of steam which hand on their energy to oxygen 
molecules ; interruption of chains occurs principally at the walls of the vessel, 
In deriving the equation for the reaction velocity it was assumed that the 
average number of active molecules produced at each link of the chain was one, 
that is, the quantity “ a ” mentioned in the introduction of this paper, was 
unity. In other words, to account for the relationships which hold in the 
region BC, it is necessary to suppose that chains are effectively propagated, 
but with a stationary velocity. The equation expressing this, is in general: 

velocity = F (c)/{f(e, «) + A (1 — a)}f 

where a = 1. 


* * Roy. Soc. Proc,,' A, vol, 119, p. 591 (1928). 

t For the purpose of this discussion the equation is best derived in the following way:— 
a'is the concentration of activated molecules of the reaction product, a that of those of 
the reactant, c.g., oxygen. 

For stationary chains 

da' da A 

— 0 and T - 0 

dt dt 


dt 


/•(e) +«/»(«)« -/.o' ft o' 

Production by Lmn by dcactiva- production from Deactivation at Deactivation In 
spontaneous ti on of product by actuated mole- surface. 

reaction. reactant which oulos of reactant 

takes the energy. by reaction. 

(1) (2) (3) (4) (6) 


0 . 


Jr- A(o«' 

Production from 
activated pro¬ 
duct (process 
( 2 ))- 


—• f% (c) a 0. 

Chemical motion of acti¬ 
vated reactant mote- 
coles (which produce a 
activated moieeulea of 
product in (3). 


/e( c )»A(°b/a( c ) and /« are functions of concentration, /, of surface and concentration. 
Deactivation in the gas or at the surface by processes (4) and (5) is supposed to happen only 
to molecules of the product, not to reactant molecules; this assumption simplifies the 
'equation, hut introduces no real restriction, the breaking of the ohains being thereby 
postponed by one link only. 

Solving the equations, 

Rate of reaction **/ r (c)o *-/«(*) A(0)/{/a +/•+(! - «)/*(«)}* 

'Off we may write 

Rate F(c)/{/(c, $) + A (1 — *)}. 



618 


H. W. Thompson and C. N, Hinshelwood. 


The particular form applying to the region BC is in the notation of the 
previous paper 

rate - [HJ [O,]/** 

^i^s[HsJ 3 [0 2 J being F(c), and & 4 being a function of the surface which interrupts 
the chains and of the inert gas concentration which tends to lengthen them. 
Since 2H 2 + O a = 2II 2 0, it is evident that, in principle, there is no reason 
why a should not exceed unity by a sufficient amount to make the whole process 
non-stationary. If the curve in fig. 2 is to be accounted for in this way, the 
expression /(c, 5 ) + A(1 — a) must become zero at A and B and assume a 
negative value between these two points. This also is possible in principle, 
since the value of/(c, #) is the sum of two factors, one representing deactivation 
by the surface, and the other by collision with molecules in the gas phase; 
and the first factor will decrease as the pressure increases, while the second will 
increase. Thus /(c, $) could easily pass through a minimum at some inter¬ 
mediate pressure, and allow /(c, «) + A(1 — a) to become negative over the 
range where f(c , $) was not large enough to balance the negative value of 
A(1 — a). In this way the general form of the whole curve can be reasonably 
interpreted, and with the greater plausibility since quite small relative changes 
in the terms of the denominator make the stationary velocity become non- 
stationary, and thus account for the sharp transitions at A and B. 

More detailed consideration of the facts, however, leads to the conclusion 
that, although this explanation is probably quite correct in general outline, 
an additional factor is also in operation, and that the actual process by which 
the non-stationary chains are propagated at pressures between A and B is 
somewhat different from that involved in the stationary chains in the region 
BC. 

The reason for this conclusion is as follows : Of the two deactivating factors, 
surface and collisions, only the second will increase with pressure; thus the 
upper critical limit will be reached when the deactivation or destruction of 
certain active molecules in the gas phase occurs rapidly enough, an inference 
confirmed by the fact that the upper limit is independent of the size of the 
reaction vessel. At pressures above the critical limit, therefore, deactivation 
in the gas must be playing a more important part than deactivation at the 
surface as far as the process operating between A and B is concerned. But it 
is equally certain that the process occurring between B and C is controlled 
principally by deactivation at the walls of the vessel. 

Thus we are led to the hypothesis of two simultaneously operating, 
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mechanisms. At high pressures we may suppose that the chains are initiated 
by the termolecular process 

2H a + O a - 2H a O, 

the evidence for which has been discussed in a previous paper; but at low 
pressures it is not unreasonable to assume that the termolecular process is less 
in evidence than a chain of bimolecular processes 

H 2 + 0* - H 2 O a 
H 2 0 2 f II 2 - 2H 2 0, etc. 

For given conditions of concentration and temperature there will be a small 
stationary concentration of hydrogen peroxide in the gas, governed by the 
thermal equilibrium 

H 2 + 0 2 -H a 0 2 . 

This concentration will increase with pressure. The upper and lower pressure 
limits would correspond to two limiting concentrations of hydrogen peroxide, 
this substance appearing to play a part exactly analogous to that of nitrogen 
peroxide, which also induces ignition, but only when its concentration is between 
two sharply defined limits.* 

A common explanation can now be suggested for the action of these two 

* 

substances. As peroxides, they react with hydrogen, initiating reaction chains. 
At low pressures the stationary character of the chains can be maintained 
by the deactivating influence of the vessel walls ; at the lower critical limit 
this just ceases to be possible. At higher concentrations of the peroxides their 
molecules will exert a mutually destructive effect, and interrupt the chains in 
a way analogous to that in which “ antiknocks ' 1 are believed to act. When 
the mutually destructive action of the peroxides, whether of nitrogen peroxide 
upon hydrogen peroxide or hydrogen peroxide upon itself, becomes sufficiently 
great, we shall reach the upper critical limit, whether of N0 2 concentration or 
of hydrogen and oxygen pressure. Beyond this point the reaction by way of 
hydrogen peroxide becomes insignificant and the termolecular process, with 
its stationary chains, becomes more and more prominent as the pressure is 
further increased. 

The advantages of this hypothesis are that it accounts for the facts about 
the critical limits in mixtures of hydrogen and oxygen alone, while at the same 
time suggesting an explanation of the remarkable influence of nitrogen per¬ 
oxide ; and that it makes a bimolecular process predominate at low pressures 
and a termolecular one at higher pressures. 

♦ Gibson and Hinshelwood, loc . cit . 
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If in mixtures of hydrogen and oxygen alone the initiation of the non¬ 
stationary chains depends upon the minute amount of hydrogen peroxide 
participating in the equilibrium 

[HgOg] = K [Hj] [0 2 ] 

then, since the formation of hydrogen peroxide from its elements is exothermic, 
and [H 2 0 2 ] thus tends to decrease with increasing temperature, a greater 
value of the product [H 2 ] [0 2 ] will be necessary to provide the critical upper 
concentration of hydrogen peroxide as the temperature rises. This explains 
why the upper critical limit increases with temperature. If we may make an 
assumption, which admittedly can only be true as regards order of magnitude, 
namely, that at each temperature the critical pressure p c , is reached when 
[H 2 0 2 ] attains some fixed value x , then we have, for equivalent amounts of 
hydrogen and oxygen. 

* - LH.OJ - K [Hg| [0 2 ] = K . ip e . 

whence 

p c 2 constant/K - constant K' 

and 

2d log pJdT - d log K'/dT Q/RT 2 , 

where Q is the heat of formation of hydrogen peroxide. Plotting log p c 
against the reciprocal of the absolute temperature, a value of Q can be found. 
The curve actually obtained is accurately a straight line, the slope of which 
gives Q =* 53,000 cals. 

The heat of formation of liquid hydrogen peroxide is 47,000 cals.; the latent 
heat is not exactly known, but it is evident that the figure is of the order of 
magnitude required to account for the displacement of the limit with tempera¬ 
ture. 

It should be expressly pointed out that whether or not the details of the 
explanation offered prove to be fully justified, there can be no doubt that chains 
both of the stationary and of the non-stationary kind can be propagated in 
mixtures of hydrogen and oxygen. ' And in this connection it is perhaps not 
irrelevant to suggest that, if it be true that under certain circumstances the 
initiation of flame is more difficult in mixtures of hydrogen and oxygen that 
have been intensively dried than in those where small traces of water vapour 
are present, then it is highly probable that the peculiar action of these small 
quantities of water is one involving the centres of reaction from which a 
aeries of non-stationary chains are propagated. 
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Initiation of Chaim in Hydrogen and Oxygen Mixtures by other 

Substances. 

It is now natural to enquire whether other substances can exert an effect 
on the combination of hydrogen and oxygen similar to that of nitrogen per¬ 
oxide. A number of experiments to investigate this have been in progress 
for some time and the results found hitherto can be summarised as follows :— 

(1) Nitrous oxide behaves in a manner generally similar to nitrogen per¬ 
oxide, but is very much less effective. 

(2) Hydrogen chloride causes some acceleration of the combination* but 

does not induce ignition. 

(3) Sulphur dioxide has no observable effect on the reaction. 


Summary. 

In previous investigations it has been shown that the homogeneous reaction 
between hydrogen and oxygen in the region 500-600° C. is a chain reaction, 
the speed of which increases rapidly with pressure. At lower pressures it is 
now shown that the chains become “ non-stationary,” and the reaction 
explosive, between certain definite upper and lower critical pressures. An 
examination of the effect of temperature, nature and size of vessel, and other 
factors, on the pressure limits, and a comparison of the conditions which 
govern the propagation of the stable reaction chains at higher pressures with 
those which determine the unstable chains between the two critical pressure 
limits, leads to the theory that at low concentrations initiation of the explosion 
is connected with the production of hydrogen peroxide. Molecules of the 
peroxide in small concentration set up chains; at high concentrations they may 
exert a mutually destructi ve effect on one another analogous to " antiknock 
action.” This theory also affords an explanation of the remarkable effect of 
traces of nitrogen peroxide on the combination of hydrogen with oxygen. 
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Adsorption at a Water Surface . Part I. 

By B. W. Currie, M.Sc., and T. Alty, D.Sc„ Ph.D., F.Inst.P., Professor 
of Physics, University of Saskatchewan, Canada. 

(Communicated by Sir Joseph Thomson, F.R.S.—Received October 30, 1928.) 


It has already been shown* that the charge acquired by small air bubbles 
in water is due to the selective adsorption of ions by the surface molecules. 
The bubble surface is considered to consist of water molecules which are partly 
or completely orientated. These, owing to their polar nature, have a resultant 
electric field and therefore attract ions of one sign while repelling those of 
the opposite sign. In the case of water the orientation is such as to attract 
negative ions from the water. These ions are adsorbed on to the surface of 
the bubble and give it a negative charge. At the same time some of the 
negative ions already adsorbed will be removed by the thermal agitation of 
the liquid and an equilibrium state will eventually be reached in which the 
number striking the surface per second is equal to the number re-evaporated 
from it. 

This adsorption of negative ions is accompanied by the capture of positive 
ions from the liquid. Any such positive ion striking an adsorbed negative 
ion may be bound to it by the electrostatic attraction so that a number of the 
negative ions are covered by positive ions and the charge on the bubble is due 
t«o the remaining uncovered negative ions. 

In this equilibrium state the surface may be represented very diagram- 
raatically as below. 


© 


Water 

0 




t*) 



Fig. 1.—Section through Bubble Surface. 

□ Orientated Surf&oe Water Molecule. © Negative Ion. © Positive Ion* 
* • Roy. 8oc. Proc.,’ A t vol, 112, p* 235 (1926). 
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The munber of such uncovered ions will depend on the relative values of 
the forces binding the positive and negative ions. If the negatives are bound 
much more tightly than the positives a large charge will result, while if the 
reverse is the case the bubble will have a very small charge. Information 
regarding these adsorption forces may therefore be obtained from a measure¬ 
ment of the resultant charge when various electrolytic ions are introduced into 
the water. 

In the previous work, the electric charge on bubbles of different diameters 
was determined by examining a bubble in partially air-free water. Under 
these conditions the bubble slowly slirinks and its charge may be determined 
from time to time. The chief results obtained were 

(1) For small rates of absorption and large bubbles the charge is independent 
of the diameter. 

(2) The greater the rate of absorption the greater the surface charge, 

(3) If the rate of absorption of the bubble is appreciable the charge decreases 
with the diameter instead of remaining constant. 

(4) In the purest water the charge is small and it was thought that in 
perfectly pure water it might be zero. 

The increased charge with increased rate of absorption of the bubble would 
be expected on the theory outlined above. The air molecules passing through 
the surface would displace more of the loosely-bound positive ions and thus 
leave the bubble with a greater negative charge. 

The third point tabulated above does not appear to fit in with the theory. 
The volume (v) of air passing through the surface of a bubble of radius r cm. 

in time dt is 47 tr 2 ~ , dt c.c. and the volume passing through 1 sq. cm. per sec. is 
di 

dr jilt c.c. In the experiments drjdt, and therefore the number of air molecules 
passing through unit area per second was practically independent of r, so 
that, if the increased charge were due to collisions with these air molecules, 
it also would be expected to be independent of r. As the previous work had 
indicated that this was not the case special attention was paid to this point 
in the present experiments. 

Again, if the electrification is due to the adsorption of ions, it is extremely 
difficult to imagine that the most active ions H 1 and OH % which are present 
even in the purest water, have no effect on the electrification. The influence 
of #iese ions has therefore been re-examined, special precautions being taken 
to ensure the absence of any other ion. 
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Returning to the first result tabulated above, it is obvious that the charge 
cannot continue independent of the radiuB indefinitely and there must be a 
certain critical radius beyond which the charge is no longer constant. At 
this critical radiuB the adsorbed ions will have approached each other su 
closely that any closer approach forces them from the surface. A 
measurement of the surface density at this point should, therefore, give further 
information about the binding forces. 

It has been shown by Morrison* that the rate and manner of settling of 
various soils is affected by the illuminations to which they are subjected. 
Various types of illumination have been used on the bubble with a view to 
testing whether the light had any offect on the surface electrification. 

The objects of this work may, therefore, be summarised as follows :— 

1. Examination of the charge on bubbles having a high rate of absorption 

to find out if the adsorption theory definitely breaks down for such 

bubbles. 

2. Careful measurement of the charge in pure water. 

3. Examination of the charge on small bubbles so as to obtain the limit of 

the range in which the bubble charge is independent of the diameter. 

4. Deduction from 3 of the maximum possible surface density on the bubble 

for different ions present in the water. 

5. Test of the effect of different illuminations on the surface charge. 

Experimental. 

The apparatus used was essentially the same as that already described, f 
The bubble was introduced into a cylindrical silica cell having platinum end 
pieces which served as electrodes. This cell was fixed between contres so that 
it could rotate with its axis horizontal. In order to ensure uniform and steady 
rotation, the cell was driven by a Rayleigh motor to which it was connected 
by an endless belt passing over a small pulley on one of the cell electrodes. 
The use of a belt containing no knot was found to be a considerable improve 
meat as it eliminated all jerky motion of the bubble. 

The Rayleigh motor used was a specially heavy one having a large moment 
of inertia. With a lighter type it is difficult to start the motor and any small 
irregularities in the tension of the belt cause the motor to stop. 

Previously, the current for the motor had been rendered intermittent by 

* * Roy. Soc. Proc.,’ A, vol. 108, p. 280 (1925). 
f * Roy, Soc. Proo,/ A, vol. 108, p. 815 (1924). 
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passing it through the mercury break of an electrically-maintained tuning fork. 
With the heavy tuning forks used, a considerable current must be passed through 
the circuit to maintain both the tuning fork and the motor and cell. This 
heavy current steadily produces a layer of oxide on the surface of the mercury 
which sooner or later interferes with the sharp make and break of the current 
and stops the motor. 

This difficulty is conveniently overcome by using a single light steel strip 
instead of a tuning fork and separating the currents used to maintain the strip 
and the motor, that to the former passing through a platinum contact, and that 
to the latter through a mercury break. 

The current required to drive the strip is small (< \ amp.) and so may be 
led through the platinum contact without burning it up very rapidly. 

The motor current is led through a large mercury cup. The area of the 
mercury surface and the much smaller current passing through it greatly 
reduce the danger of accidentally stopping the motor. 

With this method of maintenance it was usually possible to keep the motor 
and cell running continuously for 4 or 5 hours, so that the bubble surfaces 
could be examined over much longer time intervals than was previously 
possible. 

The arrangements for measuring the conductivity of the water, the voltage 
applied to the cell, etc., were as described in former papers.* 

On starting the motor the bubble is driven to the axis of the cell by the 
centrifugal force and remains there in stable equilibrium. When an electric 
field is applied between the ends of the cell, the bubble, if charged, will move 
along the axis. This motion is observed in a reading telescope and the bubble 
velocity deduced. Let v cm./sec. be the velocity of the bubble in a field of 
X e.s.u./cm. Then if tj is the coefficient of viscosity of the water, r the radius 
of the bubble and E e.s.u. the total oharge on its surface, we have by Stokes 
Law 

XE =* (bnjrv. (1) 

From this equation, the total charge E may be determined. 

Investigation of the Total Charge on the Bubble for Different Bates of Absorption. 

The previous results were first repeated. A bubble of diameter about 1 *5 
mm. was introduced into air-free water and its charge was measured as it 
decreased in size. As before, it was found that the oharge steadily decreased 
with sise, the rate of decrease being greater the greater the rate of absorption. 


▼on. oxxn.—▲. 
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In a few cases when the rate of absorption was not too great there was some 
indication of a constant charge when the bubble was getting small. This 
suggested that the lack of constancy might be due to the fact that, with the 
high rates of absorption, the bubble disappeared before the equilibrium con¬ 
dition on its surface could be set up. It thus became necessary to measure 
the time required for equilibrium to be attained. This was done by intro¬ 
ducing a bubble of diameter about 1-5 mm. into air-saturated water, so that 
its d i a m eter remained unaltered, and measuring its charge until the latter 
finally became constant. In this way, it was found that the final constant 
charge is not attained until about 2000 seconds after introducing the bubble. 
This provides a very adequate explanation of the breakdown of the adsorption 
theory. The faster the rate of absorption of the bubble, the smaller the chance 
of the equilibrium charge being attained before the disappearance of the 
bubble. 

With the new method of maintaining the motor, a further test of this point 
was possible. It was not practicable with the telescope used, to take measure¬ 
ments with bubbles of diameter greater than 2 ■ 0 mm. but, in order to give time 
for the surface to attain equilibrium before readings were taken, a large bubble 
of diameter 5 to 6 mm. was introduced into air-free water and the apparatus was 
left running for about an hour before any velocity measurements were made. 
When the size of the bubble had been reduoed to 2 • 0 mm. in this way readings 
were taken in the usual manner until the bubble disappeared. This type of 
experiment was carried out for different rates of absorption and it was fonnd 
that, whatever this rate might be, the charge on a large bubble is independent of 
its diameter once surface equilibrium is attained. Fig. 2 shows these results. 
It will be noticed that the higher the rate of absorption the greater the charge; 
a result anticipated theoretically for all rates of absorption. 

The time taken for the surface to attain equilibrium is surprisingly long. 
In these experiments, a dilute solution of Nad was used, the amount of salt 
being just sufficient to inorease the conductivity of pure water to about twice 
its original value. If all the ions striking the surface bad remained attached 
equilibrium would be attained in a fraction of a seoond. The long period 
actually required is a further indication of the very feeble binding forces 
between the adsorbed ions and the surface. 

T his charging period would appear to offer a direct method of comparing 
the binding forces of the different ions. The tighter the binding of the ions to 
the surface the shorter should be the time required to reach equilibrium. 
Consequently, the binding forces for different iops should be inversely as the 
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corresponding times for equilibrium to be established. This relationship is 
examined later. 



Flu. 2. 

Examination of the Charge on Small Bubbles. 

It appears from the above that all bubbles, if they are not too small, have a 
charge which is independent of the radius and depends only on the rate of 
absorption. If a large bubble is placed in air-free water and its velocity 
measured until it disappears, a point is found at which the charge ceases to be 
constant and decreases rapidly as the radius is further decreased. In this 
region of decreasing charge, the bubbles are small and are not nearly so stable 
on the avia as'are the larger bubbles, so that it is only when the apparatus is 
working particularly well that reliable readings can be obtained. The use of 
the knotless belt to drive the cell was particularly advantageous in these 
experiments. 

The results given by the small bubbles are of two types. Usually the charge 
remains constant up to a certain critical radius and then falls almost instan¬ 
taneously to a lower value at which it remains constant until a second critical 
radius is attained. A further fall in charge is then shown, so that the graph 
of ohazge-radius shows a series of steps. 

A possible explanation appears to be that the adsorbed ions approach each 

2 e 2 
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other more and more closely as the bubble contracts, and finally part of the 
charge is forced off the surface by their mutual repulsions. The contraction 
of the surface then continues until the critical surface density for the particular 
radius is again attained when another fall in charge takes place. Pig, 3 shows 
a typical graph of charge-radius. 



Fig. 3.—' The diameter is in telescope divisions (23 divisions -- 1 mm.). 

The second type of result is found more rarely and so far only in very dilute 
NaCl solution. In this case the charge on the bubble remains constant up to 
a certain critical radius, depending only on the charge, after which it decreases 
steadily, the surface density remaining constant. 

In these cases the graph is particularly simple, being composed of two 
branches, in one of which the total charge is constant and in the other the 
surface density is constant. 

This second class of curve, giving constant surface density, is not easily 
obtained except in the most dilute solutions. An example showing the 
constant oharge and oonstant surface density is given in Table I and fig. 4. 

If T secs. = time for the bubble to cross 1 mm. then 

* * fftj <an./sec. 
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and by Stokes Law 

E * « <*Z1 . _L_ = constant x ~ 

X x 10 x T 

and if a ^ surface density 

a ~~ constant/rT. 

Hence when the total charge is constant r/T = constant, and when the surface 
density is constant rT = constant. 

In Table I the values of r/T and rT are given so that the range of constant 
charge and constant surface density can be seen. The average values of r/T 
and rT from thi8 table arc 

r/T — 0*955 (2) 

rT = 2*79. (3) 

The curves given by (2) and (3) are plotted in fig. 4, in which the crosses 

Table I. 


Diameter ( d ). 

T. 

d/T. 

dT. 

32-75 

17-6 

1-86 


32-25 

17-1 

1*88 


31-75 

16*9 

1-88 


30-75 

16-1 

1-91 


30-25 

16-9 

1*91 


29-25 

16*1 

1*93 


29 

15*1 

1*93 


28*25 

14-9 

1*90 


27-75 

14-1 

1*96 


27-25 

14-0 

1-95 


26*25 

14*0 

1*88 


25-75 

13-8 

1*93 


25*26 

13-2 

1-91 


24-25 

12*6 

1*93 


23-75 

12-4 

1*91 


23 

12-0 

1*91 


22-25 

11*6 

1*93 


21-76 

11*3 

1*91 


21 

11*1 

1*90 


20-5 

10*6 

1*93 


19-26 

10*0 

1*91 


16*75 

8-8 

1-90 


14 25 

7*6 

1-88 


13-25 

7*4 



12*5 

7*5 



10-75 

7*3 



9-25 

7*6 



8*75 

7*4 



8 

7*6 



7-25 

7*7 


5-68 

6*5 

8*7 


6*65 

6-6 

10-0 


8-57 

4-76 

11*7 


6*67 

3-76 

14-8 


5*64 
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(X) mark the experimental points. The two curves intersect at a diameter 
of 0*44 mm., the constant surface density being 6*28 X 10"* e.s.u. per square 
centimetre. 



Diameter 
Fig. 4. 

[Added January 14, 1929— 

Charge on the Bubble in Pure Water. 

In the earlier work (‘ Roy. Soc. Proc., A, vol. 106, p. 331, 1924) the water 
used was distilled in a glass still and had a specific resistance of 1 - 6 — 2*0 X 
10"* ohms" 1 . The experimental cell was also of soft glass and was thoroughly 
cleaned with chromic acid before use. It was then found that the charge on 
the bubble was very small. 

In the present experiments, the facilities for the purification of the water 
were greatly increased. Distillation was carried out twice in pyrex and once 
in silica, and the water used was transferred to a silica cell by means of a silica 
pipette so that at no time was it in contact with any substance other than 
silica and platinum. The specific conductivity of this water was about 
0-7X 10" 8 ohms- 1 . 

The original conclusion that the charge in perfectly pure water would be 
zero was not borne out. As the water was purified, the charge varied pro¬ 
gressively until, after a time, further purification produced no change in tbs 
charge. This final charge was therefore taken as the charge on the babble in 
pure water when only H + and OH" ions are present. In water containing other 
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ions, the measured charge must be the resultant of that due to the ions H and 
9H“ and that due to the electrolytic ions introduced. This resultant charge 
may be either greater or less than the charge in pure water depending on the 
forces binding the different ions to the surface. 

It is therefore evident that distillation in glass, as in the earlier work, is not 
sufficient. The very small charge there obtained must have been due to a 
minute trace of some substance dissolving from the soft glass of the experi¬ 
mental cell or distilling over with the water. 

The results obtained when all soft glass has been eliminated are very con¬ 
sistent and reproducible. Fig. 5 shows a typical graph of charge-diameter. 



o 10 30 

Diameter 

Fig. 5. 


From this figure it appears that in pure water the region of constant charge 
extends down to a radius of 0 033 cm., this constant charge being 
5*4 X 10~ 4 e.s.u.] 

An interesting feature of this work in pure water is the absence of any 
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appreciable charging period. When the bubble is introduced into the water, 
readings may be taken immediately without waiting for the bubble to acquire 
a charge. The first few readings are a little uncertain but show no steady 
charging. In this respect the H* and OH* ions are very different from all 
other ions investigated. 

Effect of the Colour of the Light used to Illuminate the Bubble. 

It has been shown by Morrison* that when a soil solutionis illuminated by a 
beam of light, it settles in strata, whose thickness depends on the colour of 
the light used. As the bubble in the present experiments is usually illuminated 
by red light, it was considered advisable to see if this light affected its charge. 

The apparatus was arranged so that the cell could be illuminated by blue 
and red light alternately. The mobility was then measured several times in 
red light, then in blue, then in red and so on. This was continued until the 
bubble disappeared and all the observations were plotted on the same graph 
(fig. 6). It appears that all the points lie on one smooth curve, so that the 
effect of the different lights, if present at all, must be small. 



3000 4 000 $000 6000 

Time (second*) 

Via. o. 

The experiment was repeated using a quartz mercury lamp instead of the 

blue light* No appreciable effect could be detected. 

♦ 

Summary , 

The electric charge on small air bubbles has been measured under a variety 
of conditions. The results indicate that:— 

1. If the bubble has a diameter greater than a definite critical size, the total 

charge on the bubble is independent of its diameter under all conditions. 

2. The greater the rate of absorption of the bubble the greater is its tots! 

charge. 


* Loc. oti. 
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3. The time required for the surface to attain its equilibrium charge has been 

measured and found to be about 2000 seconds in the case of dilute NaCI 
solution. 

4. In pure water the charging period is very short (less than 200 seconds). 

5. The charge on a bubble in very pure water is 5-4 x 10~ 4 e.s.u.the 

critical radius in this case being 0*033 cm. 

In Part II the critical radii and charges of a number of electrolytic ions will 
be examined with a view to comparing the forces binding these different ions 
to the surface. 


The Thermal Conductivity of Solid and Liquid Sulphur. 

By G. W. C. Kaye, O.B.E., M.A., D.Sc., and W. F. Higgins, M.Sc., Physics 
Department, The National Physical Laboratory, Teddington, Middlesex. 

(Communicated by Sir Joseph Petavel, F.K.8.—Received November 25, 1928.) 

By reason of the multiplicity of its solid and liquid phases, the physical 
and chemical properties of sulphur have been the subject of many investiga¬ 
tions in the past. The technique of measuring thermal conductivities using a 
temperature drop across the speoimen of only a few degrees has reached a 
precision which affords an additional nieans of exploring change-point regions. 
An investigation has therefore been undertaken of the thermal conductivity 
of solid and liquid sulphur over a range of temperature from 20° C. to 210° C., 
a region which embraces the transition point from rhombic («) to monoolinic 
(p) sulphur (95° 0.), the “ natural ” melting point of monoclinic sulphur 
(115° C.), and the well-known change-point of liquid sulphur (160° C.) with 
its conspicuous alterations in physical properties (fig. 1). 

In the case of solid sulphur, measurements have been made of the thermal 
conductivity of the rhombic and monoclinic varieties each in the form of 
crystalline aggregates. The influence of the previous thermal history of a 
cample of sulphur on the velocity of the reversible rhombic-monodinio trans¬ 
formation has been demonstrated by thermal conductivity measurements. 
In addition, measurements have been made on the “ plastic ” variety of 
sulphur obtained by the sudden chilling of molten sulphur near its boiling 
point, the progressive change in thermal conductivity being followed during 
the slow transition at room temperature from the unstable plastic to the stable 
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rhombic form. It bas also been shown by conductivity experiments how the 
rapidity of this transformation is influenced by the temperature. 



Fro. 1.—Some Physical Properties of liquid Sulphur. Density : Kell as, ‘ Ghem. Soo, 
Trans.,’ vol. 113, p. 303 (1918); Surface Tension: Kellns. ‘ Chem. Soc. Trans.,’ 
vol. 113, p. 903 (1918); Viscosity : Farr and Maoleod, ‘ Roy. Soc. Proc.,’ A, vol. 97, 
p. SO (1920); Electrical Conductivity: Black, ‘ Cambridge Phil. Soc. Proc.,’ vol. 
22 (iii) (1924), 

In the case of liquid sulphur, determinations have been made of the thermal 
conductivity from the melting point of monoclinic sulphur up to about 210° C. 

In the light of the extensive researches of Smith and his collaborators,* 
and of Aten, liquid sulphur is to be regarded as a homogeneous mixture of 
three modifications Sx, Sp. and Sre, in dynamic equilibrium. The light- 
coloured mobile Sx is generally regarded as the liquid form of rhombic and 
monoclinic sulphur, while the dark-brown viscous Sp is looked upon as the 
liquid form of amorphous sulphur. Of the three modifications, Sx is present 
in the greatest proportion at all temperatures, declining from about 96 per 
cent, at 120° C. to a nearly constant figure of about 66 per cent, at 200° C. 
and upwards. The proportion of Sg, on the other hand, is small (about 0*1 
per oent.) at 120° C. and increases to a roughly constant figure of about 30 per 
oent. at a temperature of 200° C. and upwards. The third modification Sic 

* Smith, Holmes and Hall, ‘ J. Amer. Chem.Soo.,’ vol. 27, p.797 (1905) and ‘ Z.Phye. 
Chem.,’ vol. 52, p. 602 (1905); Smith and Holmes, * Z. Phys. Chem.,’ vol. 42, p. 469 (1903), 
and vol. 54, p. 257 (1906); Smith and Carson, ’ Z. Phys. Chem.,’ vol, 57, p. 685 (1907), 
vol. 61, p. 200 (1907), and vol. 77, p. 661 (1911) ; Smith and Brownlee, * Z. Phys. Che»„’ 
vol, 61, p. 209 (1907); Aten, ‘ Z. Phys. Chem.,’ vol. 81, p. 257 (1012), vol. 88, p. 442 (1913), 
vol. 86, p. 1 (1913), and vol. 88, p. 321 (1914). 
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is present in small and nearly constant proportion, of the order of 5 per cent., 
at all temperatures up to about 200° C. Equilibrium in the liquid state 
establishes itself relatively slowly, and it is on this account that sulphur 
rapidly cooled from near its boiling point retains a high percentage of Sp. and 
forms a plastic mass which may be regarded as undercooled liquid sulphur. 

Little work appears to have been done in the past on the thermal con¬ 
ductivity of rhombic or plastic sulphur ; and no mention has been found in 
the literature of any determinations in the cases of the monoclinic or the 
liquid phases. The results of Lees. Hecht and Eucken* are summarised in 
the following table :— 

Table L 


Observer. 

State. 

: 

Temperature, 

°c. 

1 

Thermal 
conductivity 
o.g.s. units. 

Lees, 1892 .' 

? i 

14 1 

0*000450 

Hecht, 1904 . 

Rhombic aggregate! 

20 to 100 ; 

0-00063 

Eucken, 1911 . 

91 | 

— 190 

0 001522 

1 1 1 

tf 

0 

0*000700 


“ Mainly plastic 1 * 

— 190 

0*000387 

ft | 

>* 

0 

0*000470 


The sulphur used in the present investigation was the pure crystalline 
variety as obtainable commercially. For the determinations in the liquid 
state, the sulphur was first boiled in order to free it as much as possible from 
dissolved gases which are apt to appear as bubbles during test and vitiate the 
results. 


Apparatus . 

The thermal conductivities were determined by a “ plate ” method similar 
to that employed by the present authorsf for the conductivity of liquids. 
The main features of this are that a tliin horizontal layer of the material is 
sandwiched between a hot and a cold metal block between which a small 
difference of temperature is maintained, the hot block being uppermost. The 
arrangement reduces convection to a minimum when a liquid iB being tested. 
It was, of course, essential that the conductivity measured should be associated 
with a small temperature difference across the specimen when regions including 

* Lees, ‘ Phil. Trans.,' A, vol. 183, p. 481 (1892); Heobt, * Ann. Physik/ vol. 14, p. 
1008 (1904); Etteken, * Ann. Physik,’ vol. 34, p. 185 (1911). 
t ‘ Roy. Soo. Proc./ A, vol. 117, p. 459 (1928). 
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transition points were to be investigated. The hot block was heated electric¬ 
ally, heat loss in the upward direction being prevented by a guard plate, while 
for side losses a correction was determined and applied. The system was 
completely enclosed in a thermostatically controlled oven, so that the mean 
temperature could be varied irrespective of the temperature-drop across the 
specimen. 

The apparatus is shown diagrammatically in fig. 2, many of the details 
of which agree with those already described in the paper mentioned above. 

Aluminium was chosen for the 
material of the blocks, as it is a 
good thermal conductor which is 
unattacked by molten sulphur. The 
area of the test layer was about 
20 sq. cms. Temperature measure¬ 
ments were afforded by aluminium- 
constantan thermocouples, the 
accuracy being not less than 1/10° 
at temperatures up to 100° C. and 
not less than 1 /5° at higher tempera¬ 
tures. The measurement of the 
temperature-drop across the test specimen, which was usually from 3 to 5° C., 
was probably accurate to within 0*02° C. An accuracy of at least 1 per cent, 
was aimed at in the conductivity values. 

As in the earlier experiments on liquids, a “ gallery ” was mounted round 
the tipper face of the cold block, which served to retain the molten sulphur in 
position and provided a reservoir to draw on when the test layer was con¬ 
tracting on cooling. To facilitate the introduction of the molten sulphur and 
to reduce the risk of entrapped air bubbles, a side tube was provided (as shown 
in fig. 2) which oommunicated with a small central hole in the cold face. 

In preparing the apparatus for tests on liquid sulphur, three silica distance 
pieces were placed on the surface of the cold block and the hot block was 
1 owered into position and aligned by means of three centering screws. The oven 
containing the apparatus was then raised to about 150° C. and a suitable amount 
of liquid sulphur at about the same temperature was rapidly poured into the 
aide tube until the gallery was full. The gallery was then covered with a mica 
ring, and the apparatus lagged with asbestos wool. With practice it was 
found possible to fill the apparatus and complete the lagging without the 
temperature of the test layer failing below 120° C. 




Thermal Conductivity of Solid and Liquid Sulphur , 687 

For the measurements on solid sulphur, both crystalline and plastic, it was 
necessary to employ glycerine films* between the teat layer and the surfaces 
of the hot and cold blocks. Otherwise, owing to the small thickness of speci¬ 
men employed, the temperature-drop over the air films would have been of the 
same order as that over the specimen. In assembling the apparatus for the 
tests on solid sulphur, the hot block was removed, the test specimen was placed 
on the cold surface, and sufficient glycerine was poured into the gallery to 
cover the test layer completely, care being taken that no air bubbles adhered to 
the surface of the specimen. The hot block, slightly tilted, was carefully 
lowered into position and centered, the specimen being manoeuvred to align 
exactly with the blocks, after which the excess glycerine was removed. It waa 
found necessary to apply a load (about 16 lbs.) to the specimen to ensure uni¬ 
formity of results. 

The oven containing the apparatus was electrically heated and a fan was 
provided to circulate the air, uniformity of temperature around the apparatus 
being obtained by suitably placed baffles. The oven could be controlled at 
any desired temperature from room temperature up to about 200° C. 

Corrections Applied to Experimental Data. 

(а) Corrections for Heat Losses .—The corrections for the lateral loss of heat 
and, in the case of liquid sulphur, for the heat transferred via the excess liquid 
in the gallery, were measured in the same way as in the earlier investigation. 
The correction for the heat lost by evaporation of the liquid sulphur was found 
to be negligible at all temperatures employed, and the calculated correction 
for the heat transmitted tlirough the silica distance pieces was less than 
2 per cent. 

(б) Temperature-drop in Glycerine Films. —To obtain the correction for the 
temperature-drop across the glycerine films in the case of solid sulphur, a 
series of experiments was carried out in which a disc of copper replaced the 
test layer of sulphur, assembly being effected under glycerine in the usual 
way. The temperature-drop across the two glycerine films was found to be 
directly proportional to the power transmitted (as would be expected) and, for 
a given power, decreased with a rise in the mean temperature. This agrees 
with the known positive temperature coefficient of thermal conductivity of 
glycerine. The temperature-drop across the two films for a constant power 
transmission was found to be a linear function of the mean temperature. 

♦ In this connection, see Kay© and Higgins, ‘ Roy. Soc. Proo,/ A, vol. 113, p. 336 (1026); 
and Kaye and Roberts, Roy, Soo. Proo.,‘ A, vol. 164, p. 08 (1923). 
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Numerically the temperature-drop across the two films amounted to between 
3 per cent, and 6 per cent, of the temperature-drop across the test specimen 
of sulphur. 

The Thermal Conductivity of Liquid Sulphur. 

In the case of the experiments on liquid sulphur the thickness of the test 
layer was 0*34 mm. The earlier investigations on the thermal conductivity 
of liquids carried out in a similar apparatus had shown that concordant results 
were obtainable with liquid layers up to 0-5 mm. thick. 

The results are shown graphically in fig. 3, the sequence of the observations 
being indicated by the numbers near the plotted points. Over the range 120° 



Menu Temperature' C 

Fra. 3.—Thermal Conductivity of Liquid Sulphur. 


to 210° C. some 30 determinations were made representing results from three 
separate fillings of the apparatus. Following this, readings were taken in the 
region below 120° C., the temperature being gradually reduced until at about- 
110° C. the freezing of the test layer was indicated by a discontinuity in the 
readings. This temperature is somewhat lower than the “ natural ” melting 
point 115° C. and would appear to afford evidence of slight supercooling, a 
phenomenon to which liquid sulphur is prone. 

The deviation from the mean line drawn in fig. 3 does not exceed £ par cent, 
for the majority of the points, while in no case does the divergence amoun t to 
1 per cent. The conductivity increases uniformly between 112° and 160° C. 
at the rate of 0*00000049 e.g.s. units per 1° 0. Between 160° and 170° C. a 
small but definite discontinuity occurs, which is no doubt somewhat 
by the necessity of employing an appreciable, if small, temperature difference 
across the specimen. Despite this, the line clearly shows a flattening at about 
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160° C. followed at about 170° C. by a sharp rise. Thereafter a linear relation¬ 
ship is restored, with a somewhat higher rate of increase, viz., 0*00000088 c.g.». 
units per 1° 0. as compared with 0*00000049 below 160° C. 

It may be noted that these discontinuities are similar in type to those 
observed by Kellas in determinations of the density (see fig, 1), 

Table II gives values for the thermal conductivity read off from the mean 
line through the experimental points of fig. 3. 


Table II.—Thermal Conductivity of Liquid Sulphur. 


Mean temperature, 


Thermal conductivity, 
o.g.s. units. 


115 (M.P.) 

120 

130 

no 

150 

160] 

165 > change-point region 
170 j 
180 
190 
200 
210 


0 000314 
0 000316 
0*000321 
0 000326 
0 000331 
0*000336 
0-000336 
0*000340 
0 000351 
0*000360 
0*000369 
0*000378 


The Thermal Conductivity oj Solid Sulphur. 

Preliminary Relative Measurements .—Some preliminary experiments were 
conducted on a test layer of sulphur which had solidified in situ from the liquid 
state. Readings were taken as the temperature was gradually lowered, 
starting at the solidifying point. As sulphur contracts on solidification there 
was some uncertainty as to the degree of thermal contact at the surfaces of 
the test layer, and so the values of the conductivity pbtained are subject to 
error. The measurements have, however, sufficient relative accuracy to 
display the order of the ohange in thermal conductivity in passing from the 
monoclinic to the rhombic state, as well as the time factor associated with the 
transformation. 

The results are shown somewhat diagrammatioally in fig. 4, the reference 
numbers against some of the observation points indicating the number of 
days since solidification oocurred. The line AB refers to the gradual drop in 
temperature from the solidifying point to nearly room temperature (20° C.) 
spread over a period of 6 days; as will be seen, the conductivity remained 
approximately constant throughout. At this stage (the temperature being 
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kept constant) a pronounced rise in the conductivity set in, as indicated by 
BO, the increase amounting to 50 per oent. before the value steadied up at C. 



Mean Tern per olwre C 

Kiu, 4 .—lihombic Monoolinio Transformation. 

The path BC occupied about three days. The position remained unchanged 
at C for two days, after which the temperature was gradually raised to 90° C. 
(over a period of two days), the conductivity as a result moving along the line 
CD to D. The line CD was found to be reproducible as the temperature was 
altered backwards and forwards between 20° and 90° C. The temperature 
was now raised to about 105° 0. when the conductivity at once fell (DE) to a 
value much below the initial line AB. 

It is evident that the line AB represents the monoclinic phase resulting from 
solidification of the molten sulphur. BC displays the progressive transition to 
rhombio sulphur—the stable form below the change point at 95° C.—while 
CD refers to the rhombic phase. The abnormally low reading obtained on 
raising the temperature above 95° C. is attributable not only to the lower 
conductivity of the resulting monoclinic sulphur, but also (as subsequent 
examination showed) to fracture of the specimen due to the sudden expansion 
accompanying the transition, under the restrictive effect of the surrounding 
ring of solid sulphur in the gallery. 

The sulphur used in the above experiment had solidified from liquid sulphur 
which had previously been raised to the boiling point, and so had been taken 
through the change point at 160° C. A similar experiment was then carried 
out with sulphur which had solidified from liquid sulphur that had not been 
heated above 160° C. As before, readings were taken with a gradual decrease 
of temperature, but now the change to rhombio sulphur began after only a few 
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hours when the temperature had fallen to about 90° C., the transition being 
completed very quickly. 

It thus appeared from these preliminary experiments that the change in 
thermal conductivity associated with the monoclinic-rhombic transition point 
was of an easily measurable order. Furthermore, the experiments, as far as 
they go, indicated that the previous thermal history of a sample of sulphur 
was capable of affecting the rapidity of the transformation, which is much slower 
when the sulphur has been previously heated to the boiling point than when its 
temperature has not exceeded 160° C. 

Absolute Measurements. —Experiments were then undertaken to measure 
the thermal conductivity of solid sulphur more definitely. Layers about 0 • 6 
mm. thick were used with glycerine films between the specimen and the test 
surfaces. The specimens were prepared by pouring over a surface plate heated 
to about 130° C. a pool of liquid sulphur which had not been heated above 
160° C. A second surface plate also at 130° C. was lowered on to the first until 
it rested on four distance pieces of the desired thickness. The plates were 
allowed to cool slowly to 50° or 60° C. when they were slid apart and the sulphur 
layer removed. This operation was facilitated by previously smearing the 
faces of the surface plates with a trace of castor oil. Suitable test specimens 
were readily cut from the sulphur plates, which at first were mainly mono¬ 
clinic but rapidly become rhombic. A specimen prepared in this manner 
showed variations in thickness of not more than 2 per cent. 

Rhombic and Monoclinic Sulphur .—Measurements were confined in the 
first instance to a range of temperaturo from 20° to 90° C. and the results for 
the rhombic variety were found to lie on a reproducible smooth curve as the 
temperature was raised or lowered, the conductivity ranging from about 
0*00065 at 20° C. to about 0-00055 at90°C. The results are Bhown graphically 
in fig. 5, the sequence of the observations being indicated. On increasing the 
temperature to about 105° C. the conductivity fell abruptly by some 30 per 
cent, to about 0-0004 due to the transformation to the monoclinic state. The 
transformation was so rapid that it was not possible to obtain points of inter¬ 
mediate conductivity. The values for both the rhombic and monoclinio states 
were reproducible after repeated passages backwards and forwards through the 
transition point at 95° C. 

These experiments were repeated with other specimens of sulphur. It was 
found that, while the values for the rhombic state were in close agreement for 
all the specimens, there was some divergence, amounting to about 6 per cent., 
between the values for the monoclinic state. This may possibly be due in part, 
von. oxxn*— a. 2 t 
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to the mote pronounced asymmetry of the monoclinic crystals and possibly 
also to a varying selectiveness of orientation due to the expansion under pressure. 



M^nnTcmp^fiihire'C 

Fig. 5.—Thermal Conductivity of Solid Sulphur. 

The range of temperature over which the monoclinic state exists is in¬ 
sufficient to reveal with certainty the temperature variation of the conductivity, 
though there is perhaps a slight rise with temperature. It is, however, apparent 
from the figures given above for liquid sulphur that there is a fall in the con¬ 
ductivity of about 20 per cent, at the melting point. 

It may be added that the curve drawn through the experimental points in 
the rhombic region agrees well, if extrapolated, with Eucken’s value 0*00070 
at 0° C. 

The results for solid sulphur are summarised in Table III. 


Table III.—-Thermal Conductivity of Solid Sulphur. 


State. 

Mean temperature, 

Thermal conductivity, 
c.g.s. units. 

Rhombic aggregate. 

20 . 

40 

60 

80 

95 (change point) 
100 

0*000662 

0*000613 

0*000681 

0*000558 

0*000647 

0*00037-0*00040 


** 

1 > . . i 

Pf .* 

M . 

Monoolinio aggregate. 



The Transformation from Plastio to Crystalline Sulphur. 

When molten sulphur is suddenly cooled from a temperature near its boiling 
point plastic sulphur is obtained. Thu hardens in the course of a few hours 
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due to the progressive formation of rhombic sulphur, though apparently 
complete transformation at room temperature may take several years. Experi¬ 
ments were undertaken to study the return to stability in the light of con¬ 
ductivity measurements. 

In the preparation of the specimens fresldy boiled sulphur was poured over 
a cold surface plate, a second surface plate being immediately placed on top 
of the pool of sulphur. Considerable pressure was then applied until the 
plastic sulphur was squeezed out to the thickness of the distance pieces placed 
between the surfaces. It was found convenient, in view of the adhesive 
nature of the plastic sulphur, to coat the surface plates with a layer of tin-foil 
smeared with castor oil. It was then a simple matter to slide the surface 
plates apart, leaving the layer of sulphur coated with tin-foil. It was not 
usually possible to remove the tin-foil until at least 12 hours after the formation 
of the plastic layer ; the material was however mainly plastic even after this 
period. 

A suitable test specimen Was cut from the layer and a series of measurements 
extending over several days was made at room temperature (about 20° C.). 
The results are plotted in fig. 6 where it will be seen that the conductivity at 
first increased rapidly and later more and more slowly. After about 8 days 
it had reached a value a little above 0*00060 e.g.s. units. This is not far from 
the value of 0*00065 at 20° C. recorded in fig. 5 for rhombic sulphur. In fig. 6 
time is reckoned from the time of formation of the layer. It will be noted 



Fio. 6.—Transformation from Plastic to Rhombic Sulphur. 
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that a day had elapsed before the first measurement was taken, and an appreci¬ 
able proportion of the plastic sulphur had no doubt already Undergone trans¬ 
formation to rhombic. Extrapolating the curve backwards would indicate 
that the conductivity of freshly prepared plastic sulphur is relatively very low— 
of the order of 0 -0002. It may perhaps be mentioned that such a value would 
lie on the curve of conductivity of liquid sulphur above 160°, when extrapolated 
back to room temperature. 

It was desired to ascertain if the rate of transformation of the residual 
proportion of plastic sulphur in the specimen in question could be stimulated 
by a rise of temperature, and so the apparatus was raised to about 90° C. (i.e. 
just below the rhombic-monoclinic change point) for 5 hours. On cooling 
down to room temperature the conductivity of the specimen was now found to 
have increased to about 0 *00078. The influence of temperature on the Tate 
of transformation is evidently marked. 

it will be noted, however, that a rise of temperature resulted not only in 
bringing the conductivity of the specimen up to the accepted rhombic value, 
but considerably beyond it. That this unexpectedly high conductivity was 
truly characteristic of the new structure of the specimen was shown by varying 
the temperature backwards and forwards over a range of from 20° to 90° C. 
spread over a period of five days. The curve AB in fig. 7 represents the values, 
which range from 0*00073 at 20° C. to 0*00059 at 90° C. and were reproducible 
whether the temperature was raised or lowered. 

The temperature of the specimen was now raised above the change point at 
95° Cl, with the result that the subsequent conductivity figures between 20° 
and 110° C. assumed the values characteristic of rhombic and monoclinic 
sulphur shown by curves CD and EF in fig. 7. 

A similar series of experiments was then carried out on an entirely fresh sample 
of plastic sulphur with precisely similar results, except that the anomalously 
high conductivities obtained after the first heating to 90° C. were even more 
pronounced, the new values (curve A'B', fig. 7) being about 0*00079 at 20° C. 
and 0*00067 at 90° C. 

As regards the explanation of these abnormally high conductivity values, it 
may be that the very considerable pressure applied during the production of the 
plastic sulphur favours the selective orientation of a proportion of the growing 
rhombic crystals, in a way analogous to that produced by the cold working of 
metals. If a sufficient number of the rhombic crystals formed then or later 
conform to such selective orientation, this might well account for the abnormally 
high conductivity, the magnitude depending on the proportion of crystals so 
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oriented. Raising the temperature above the change point at 96° C. would 
destroy the orientation and result in normal rhombic and monoclinic values 
characteristic of a random arrangement. It will be noted for what it is worth 
that the temperature? coefficients of the conductivity (as indicated by the 
slopes) for the three curves AB f A'B' and CD are approximately the same. 
It was hoped to test the above explanation by the aid of X-ray spectroscopic 
examination, but unfortunately the results were inconclusive. Experiments 
on single rhombic crystals would be of interest in this connection if the experi¬ 
mental difficulties could be overcome. 

Fig. 8 shows the complete range of variations in the thermal conductivity 
of sulphur as determined in the present investigation. 


Summary. 

The thermal conductivity of sulphur has been determined over a range of 
temperature of from 20° C. to 210° C. by means of a “ plate ” method using a 
small temperature-drop across the specimen. The temperature range includes 
the transition point from rhombic to monoclinic sulphur (95° C.), the “ natural ” 
melting point of monoclinic sulphur (115° C.) and the change point of liquid 
sulphur (160° C.). Some observations have also been made on the “ plastic ” 
modification. In addition, the experiments show the effect of the previous 
thermal history on the rates of the several transformations. 

The following table summarises the results : 



Plastic 



Mean temperature, Thermal conductivity, 


units. 


20 

40 

60 

80 

96 (change point) 
100 


116 (M.P.) 
120 * 

140 



210 

20 


0*00065* 

0 00061* 

0*00058* 
0*00066, 
0*00064, 
0*00037-0*00040 
0*00031, 
0*00031, 
0*00032, 
0*00033, 
0*00033, 
0*00034, 
0*00086, 
0*00037, 

0 0002 1 
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The Absorption of Penetrating Radiation ♦ 

By L. H. Gray, B.A., Trinity College, Cambridge. 

(Communicated by Sir E. Rutherford, P.R.S.Received December 21, 1928,) 

§1. Introduction. - 

A great many careful experiments in different parts of the world have 
established the widespread existence of a radiation which appears to be 
travelling downwards through the earth’s atmosphere, and produces one or 
two ions per cubic centimetre per second in air at the surface of the earth. 
The nature and origin of the radiation is still uncertain, but since it is able to 
produce a measurable ionisation after passing through 50 metres of water it 
is referred to as u penetrating radiation/ 1 It has been maintained that there 
is nothing inconsistent with experiment in the view that penetrating radiation 
is in fact a beam of (3-particles of great energy, and C. T. R. Wilson has pointed 
out that the enormous electrical fields accompanying thunderstorms would be 
expected to give rise to particles having energy perhaps as great as 10® volts. 
On the other hand, the hypothesis that the new radiation is an ultra-y-radiation 
has been widely adopted, and interesting numerical relations concerning the 
wave-lengths present in the beam, as deduced from the absorption curve of the 
radiation, have recently been revealed. In this paper the significance of an 
experimental absorption curve is investigated, more particularly with the 
object of arriving at a valid method of inferring from it the spectral distribution 
of the primary radiation. 

§ 2. The Scattering Formula. 

We can distinguish two processes which lead to a reduction in intensity of 
a beam of y-rays in passing tlirough matter, namely, photo-electric absorption, 
and the Compton scattering process which gives rise to a deflected quantum 
and a recoil electron. When the absorbing medium is lead and the source of 
y-radiation is radium C, these two processes are of about equal importance. ‘ 
The former, however, varying roughly as the oube of the wave-length, decreases 
very much more rapidly than the latter as the hardness of the beam increases 
and may be assumed to be negligible for the radiation under consideration, 
which is at least twenty times as penetrating as the radium C y-rays. We do 
not know that these are the only ways in which y-ray energy may be absorbed. 
Indeed, absorption coefficients determined experimentally are in general more 
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than 20 per cent, greater than estimates deduced with the aid of the Compton 
formula? from independent evidence as tp the spectral distribution of the 
radiation. It does not appear likely, however, that a new absorbing mechan¬ 
ism is indicated, but rather that the Compton formula) are an inadequate 
description of the scattering process ; for the interaction of radiation and free 
electrons has quite recently been investigated anew on the basis of a completely 
relativistic wave mechanic, developed froip the relativity quantum mechanics 
of Dirac, by Klein and Nishina,* who arrive at formula? which approach asymp- 
totically to those of Dirac for long wave-lengths, but which differ from them 
already by 40 per cent, for radium C y-rays. The old and the now formula? 
diverge as the wave-length of the radiation becomes shorter, so that from the 
standpoint t>f this paper it is of the greatest importance to discriminate, if 
possible, between them. The points of contact of theory and experiment are 
discussed in § 7 and conclusions are reached which are definitely favourable 
to the new formulae. All numerical computations have therefore been made 
in duplicate and the results to which the two sets of formulae lead are 
contrasted. 

The energy relations fox a single scattering process merely express the 
conservation of energy and momentum during the interaction. 

They are conveniently written 

tan cot *0/(I *4" a), (2.1) 

E* - Av 0 2a sin* *6/(1 + 2a sin* *6), (2.2) 

K = Av 0 f (1 + 2a sin* *6), (2.3) 

\ \ - X 0 « (1 - cos 0) fc/me, (2.4) 

rfr/i i 

where E* is the energy of the recoil electron and 
« = Av/«ic*, the constants having their usual significance. 

It has been shownf that for X-rays the observed change in wave-length 
differs from that given by (2.4) by less than the uncertainty in our knowledge 
of the constants m and h. It appears therefore that the assumptions under¬ 
lying equations (2.1)-(2.4) are valid for quanta of moderate energy, and there 
is no reason for supposing that energy and momentum cease to be conserved 
in ooUisions between electrons and quanta of much greater energy. 

In order to calculate the frequency of occurrence of a scattering process in 
which the quantum is deflected through an angle lying between 6 and 6 -f- dQ 

* * Nature,’ vol. 122, p. 388 (1828). 

t Sharp, * Phy*. Rev.,’ vol. 26, p. 691 (1926). 
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it is necessary to make detailed assumptions as to the mechanism of the 
collision, and it is at this point that the various theories diverge. Semi- 
empirical formula have been proposed by Compton, Breit, Jauncey and others, 
and a treatment of the problem on the basis of the restricted relativity wave 
mechanics has been given by Dirac.* Since, for penetrating radiation, the 
absorption coefficients derived from these formulae only differ among them¬ 
selves by about 30 per cent., those of Compton, being mathematically the 
simplest, have been employed in these calculations. As already mentioned, 
calculations have also been made on the basis of the new 
Klein-Nishina formulae. 

In order to avoid confusion of suffixes, the customary 
notation has been abandoned in favour of that exhibited 
in fig. 2. 

A beam of homogeneous radiation of energy E falls 
on a sheet of matter of infinitesimal thickness dx. 

Then the total energy of the deflected quanta will be Fig. 2. 

denoted by SE dx, and the total energy of the recoil 
electrons by AEdx. This latter expression represents true absorption of 
y-ray energy. The “ total scattering coefficient ” T, which is a measure of 
the rate at which energy is removed from the primary beam, is numerically 
equal to the sum of the “ scattering coefficient ” 8 and the “ scattering 
absorption coefficient ” A, thus 

S + A = T. (2.5) 

The Compton formulae are 

8 « no (1 + <*)/(! + 2ot) # ; A = m a/(l + 2a) 8 ; T = mj{ 1 + 2a) (2.6) 

where w is the number of electrons per cubic centimetre, and a has the same 
significance as above. 

a » f- 6*64.10“ 26 . 
is the classical value of the scattering coefficient. 

§ 3. The Ionisation produced in an Electroscope . 

It is now widely recognised that the ionisation produced in an electroscope 
by y-rays is in general a function not only of the energy of the beam but also 
of the wave-length of the radiation and the material of the walls of the 
electroscope. The matter has recently been investigated experimentally by 
Chalmera.t 

♦ ‘ Roy. Soo. Proo.,* A, vol. 111, p. 405 (1026). 
t 4 Phil. Mag./ vol. 6, p. 746 (1028), 
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In the experimental investigation of the absorption of penetrating radiation, 
the observed ionisation usually comprises contributions from fl-particles 
generated in several different media. Thus, in the experiments of Millikan 
and Cameron there will be small contributions to the ionisation from ^-particles 
generated in the air inside the electroscope, and in the walls of the electroscope, 
while the greater part of the ionisation will be due to ^-particles originating 
in the surrounding medium. Their experiments show that the observed 
ionisation is not sensibly altered when tie surrounding medium changes from 
air to water. 

Hoffmann* and, more recently, Myssowsky and Tuwimf have investigated 
the effect of surrounding an electroscope with increasing thicknesses of lead. 
Comparing the absorption curve obtained in this way with curves obtained by 
immersing the electroscope in water, or surrounding it with ice, the latter 
authors find that the absorption is abnormally rapid during the first 9 cm. of 
lead. After 9 cm. the absorption coefficient per electron was found to be the 
same as that in water at an equivalent depth. The initial abnormality has 
been ascribed to the difference in the ratio of the absorption coefficients of 
primary and scattered radiations in lead and water (since the softer components 
of the scattered radiation will suffer photoelectric absorption in lead) leading to 
a change in the proportions of these radiations accompanying the transition 
from one medium to another. Though such a disturbance in the equilibrium 
between primary and degraded radiation is to be expected, a quantitative 
explanation of the abnormal absorption coefficients is only possible if the 
proportion of soft secondary radiation is much greater than the estimates 
reached subsequently in this paper, and based either on the Compton, Dirac, 
or Klein-Nishina formulae. 

It seemed worth while, therefore, to consider in some detail the extent to 
which the surrounding medium may influence directly the ionisation produced 
in an electroscope by changing the number and velocity distribution of the 
ionising particles. We shall see that the surrounding medium will not be 
without influence on the ionisation unless the rate of loss of energy of a 
^-particle of given velocity depends only on the number of electrons per unit 
volume of the medium. 

Regarding the ionisation as made up of the contributions from recoil electrons 
emerging from the walls in all directions with a wide range of velocities, and 
partially u reflected ” at the other walls, the problem seems so hopelessly 

* * Ann. Phyeik,’ vol. 82, p. 413 (1927). 
t ‘ Z. Physik,’ vol. SO, p. 273 (1928). 
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complicated as to be outside the scope of theoretical investigation.* Fortunately 
the problem may be attacked from another angle if we make the following 
assumption:— 

That a (3-particle traversing a solid medium loses the same amount of energy 
in travelling a distance Ax short compared with its range, as it would do in 
traversing p Ax of air where p is a proportionality factor which is independent 
of the velocity of the particle, ^ 

Consider a small air cavity in an extended solid medium traversed by pene¬ 
trating radiation in any arbitrary manner, the variations in intensity of the 
radiation in distances comparable with the dimensions of the cavity being 
negligible. 

The Ionisation due to (3 -Particles generated in the Walls of the Cavity .—A 
priori it might be expected that the existence of the air cavity will disturb the 
distribution of (3-particles, as regards velocity and direction, in its neighbour¬ 
hood. Supposing, however, that it can be shown that this is not so, let the 
number of (3-particles crossing any element of area a and lying within a cone 
of solid angle ftco of which the axis is normal to a and lies in the direction 
(0, 4>) be 

diH = a/(0, <j>) 8<o. (3.1) 

Then we may calculate the contribution to the total ionisation from recoil 
electrons generated in the solid as follows 

Consider on the one hand a small air cavity of any shape (A) and on the 
other a geometrically similar volume element of solid (B) whose linear dimen¬ 
sions are smaller than those of the air cavity in the ratio p : 1, where p is the 
constant referred to above. Crossing any element of surface of (A) of area a 
and lying within a cone of solid angle So whose axis is in a given direction 
<6, <f>) there will be a number of (3-particles given by 

dN = a cos <jf/ (0, <f>) So, (3.2) 

* Note added in proo/—Since this paper was communicated, a Doctorate Thesis by 
M. Bruzau (Paris, Nov. 1928) has come to my notice, in which the problem has been 
attacked in this way. After making certain simplifying assumptions the conclusion is 
readied that the ionisation produced by radiation of a given [wave-length in a small 
chamber is proportional to the energy absorbed per unit volume of the material of the 
walls, but the proportionality factor is left undetermined. M. Bruzau has also investi¬ 
gated theoretically the growth of “degraded” penetrating radiation, considering only 
once-scattered quanta. On the basis of the Compton! formula* he finds that the 
apparent absorption coefficient of a parallel beam of radiation, initially homogeneous 
will be equal to the total scattering coefficient. T of the primary radiation at great 
depths, but should decrease with altitude, approaching zero at the top of the atmosphere 
(see § 5 of this paper). 
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where 4 is the angle between the axis of the cone and the normal to the surface 
at the point considered. If this group of particles travels a distance I before 
reaching the opposite wall of the cavity, the total energy lost will be 

dK = x cos 4 / (0, </>) 8o). JAE F (0, tj>) (3.3) 

where AE . F (0, <f>) is the energy lost per centimetre in air by particles of the 
particular velocity distribution appropriate to the direction (6, <f>). 

On reaching the opposite wall of the cavity, some of these particles will be 
ik reflected ” (that is, they will be scattered back into the cavity after pene¬ 
trating a short distance into the solid wall) and will therefore make a further 
contribution to the ionisation in the cavity. This additional amount of 
energy, however, must not bo included in dE, since on reaching the wails after 
crossing the cavity once a (3-particle loses its identity. In equation (3.2), 
therefore, (£N is composed partly of [i-particles which are crossing the surface 
for the first time, and partly of particles which have already crossed the cavity 
but have been so scattered by the solid as to fall within the beam considered. 

In the volume element of solid (B) considering the corresponding element of 
surface ot' 

dN' = a' cob 4/ (0, <£) 8w, 

and similarly 

rfE' » *' cos 4/(0, <f>) Sw . V AE' F (0, <f >), (3.4) 

where V and AE' have the same significance as above but with reference to 
solid instead of air. 

Therefore since ll K = i'AE' according to our fimdamental assumption, 
and « — pV from g ometrical considerations 

. rfE-pW. (3.5) 

Integrating to obtain the total energy lost by all the ^-particles crossing the 
cavity and the volume element respectively, 

E » p 2 E'. (3.6) 

The Ionisation due to Particles gemrated in the Air in the Cavity, —Consider¬ 
ing now particles generated on the one hand by the scattering of y-rays in 
the air in the cavity (A) and on the other hand by y-rays scattered in the 
volume element (B). Particles originating in 44 equivalent positions " in the 
gas and the solid will lose the same amount of energy in reaching the walls or 
escaping from the volume plement. But the ratio of the volumes of (A) and 
(B) is p a : 1, so that the ratio of the number of particles generated in the two 
cases will be as 
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when u A and are the number of electrons per cubic centimetre of air and 
solid respectively. 

Since m b /wa is of the order of p, if the contribution to the ionisation from 
radiation absorbed in the air in the cavity is not more than a few per cent, 
of the whole, we may write for this contribution also 

E * p a E\ 

In the ease of an electroscope oPl or 2 litres capacity filled with air under 
normal pressure, the contribution to the total ionisation of (3-particles generated 
by the scattering of penetrating radiation in the air inside the electroscope is 
probably less than 1 per cent, so that the criterion is satisfied. Thus, since the 
volumes of (A) and (B) are in the ratio p 3 : 1 we arrive at the simple relation 
that:— 

The energy lost per unit volume by [3-particles in the cavity is 1/p times the 
energy lost by y-rays per unit volume of the solid. 

This will be referred to as the Principle of Equivalence. 

The Influence of the Cavity on the Character of the ^-Radiation .—This simple 
relation has been obtained by supj>osing that the introduction of an air cavity 
into the solid has not altered the distribution, as regards velocity and direction, 
of the (3-particles crossing the boundary surface of the cavity. We proceed to 
examine this assumption. 

The (3-particles crossing any element of area of the cavity surface inwards 
fall into two groups :— 

(а) Those (3-particles generated in the vicinity of the area and crossing the 
surface for the first time. 

(б) Those particles which, coming from the rest of the cavity surface, have 

crossed the cavity and been scattered in such a manner as to pass 
through the area considered. 

Obviously, before the introduction of the cavity in a uniform mass of 
solid) a group of particles identical with (a) will cross the same area. Instead 
of (6) there will be another group of particles (c) generated in the vicinity of the 
area. We have to consider the equivalence of ( b ) and (c). Since the velocity 
and angular distribution of the “ reflected ” particles is determined uniquely 
by that of the particles travelling outwards across the cavity wall, it is sufficient 
to show that this latter distribution is unaltered by the introduction of the 
cavity. The equivalence may be established by the method of induction. 
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Suppose that the distribution of the particles travelling outwards over the 
whole cavity wall except a certain elementary area 8oc is undisturbed, then we 

may find the distribution of particles 
crossing this area outwards as 
follows. 

Those particles crossing the area of 
cavity surface AA in the XY plane 
have the normal distribution, so that 
the number of particles lying within a 
cone of solid angle 8 12 whose axis is 
in the direction (0, <f>) is given by 

<JN - AA cos 0/(0, <f>) 8 Q. (3.7) 

Let 812, 0, </> be so chosen that this 
cone cuts the surface of the cavity 
again in the element of area 8a at P T 
this being the element of area under consideration. The normal PN to 8a 
makes an angle ^ with PO. Then if PO = r 



8 £2 = 8a cos <J;/r 2 . 

therefore 

rfN = 8a cos /(0, (f>) AA cos 0/r 2 = 8a cos /(0, 8co, (3.8) 

where So> is the solid angle of the cone having its vertex at P and which inter¬ 
sects the cavity wall in AA. If we neglect the scattering of the (3-particles by 
the air in the cavity, all particles lying originally within this cone will cross 
the area 8a. 

But the expression 

Sa cos ^/(0, <l>) 8co 


is equal to the number of particles which would cross 8a outwards in the 
direction (0, <f>) and lying within Sco if it were situated in a continuous medium. 
Since AA was any portion of the cavity surface, this statement is true for all 
the ^-particles crossing the area Sa outward and hence also it is true generally 
that the distribution as regards velocity and direction of the particles crossing 
the boundary of the cavity is not disturbed by the replacement of the solid 
inside the boundary by air. The scattering of (3-particles in crossing the cavity 
has been neglected, a procedure which is obviously justifiable if the dimensions 
of the cavity be sufficiently small, but not necessarily so in the case of an 
electroscope of linear dimensions of the order of 10 cm. Experimenting with 
a small ionisation chamber of graphite of 1 or 2 c.c. capacity, I have found that 
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the ionisation due to radium (B + C) y-rays varies linearly with the pressure 
between 2 and 76 cm. of mercury. Since the scattering varies with the 
pressure, it is evident that though the angular distribution of the ^-particles 
may be altered the resultant influence on the ionisation is negligible for such a 
chamber. Millikan* observed that the relation between pressure and ionisa¬ 
tion in his electroscopes was roughly linear between 1 and 8 atmospheres, but 
has published no details as to the extent of the variation. He observed 
previouslyf that results obtained with two electroscopes of 2 litres and 3 litres 
capacity respectively differed by amounts varying between 1 per cent, and 5 
per cent, in different localities. These electroscopes were made of steel, the 
thickness of the walls being 2 mm. and 3 mm. respectively. Now the order of 
magnitude of the range of the recoil electrons produced by penetrating radiation 
is 15 gm. per square centimetre. i.e. y 2 cm. of steel or 100 metres of air, so that 
the majority of the particles will have originated outside the electroscope, and 
the difference in wall thickness can hardly have influenced the ionisation to a 
greater extent than a few per cent. 

Application of the Principle of Equivalence to the Case of an Electroscope .— 
It is evident that the ionisation produced in an electroscope will vary with the 
nature of the surrounding medium, being in fact a fimetion of p«/« A > where p 
as usual is the ratio of the rate of loss of energy with distance of ^-particles 
traversing the medium and traversing air, and n and n A are the number of 
electrons per cubic centimetre in the two media. In the limiting case of the 
ionisation produced in air, other media being far removed, the principle of 
equivalence leads to the value for the number of ions produced per cubic 
centimetre per second • 

N = E A/W, (3.9) 

where E is the flux of energy in the form of penetrating radiation, A is the 
scattering absorption coefficient of the radiation (equation (2.5) and W the 
mean energy required to produce a pair of ions. 

The foregoing discussion leads us to expect that the ionisation in a thin 
walled electroscope (up to 1 gm. per square centimetre) will not differ markedly 
from this value as long as the electroscope is situated in air. The presence of 
other media, and particularly a lead shield surrounding the electroscope, 
probably influences the magnitude of the ionisation very considerably. 


* Millikan and Cameron, ‘ Phys. Rev.,’ vol. 31, p, 921 (1928). 
f Millikan and Cameron, 1 Phys. Rev., 1 vol. 31, p. 103 (1928). 
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§ 4. The Ionisation produced by Degraded Radiation, 

Whenever a primary quantum of energy E is scattered there is produced a 
recoil electron, the energy of which is transformed into ** primary ” ionisation 
and a quantum of “ degraded ” y-ray energy, the whole of which is ultimately 
transformed into degraded ionisation. On the average the primary energy 
E gives rise to energy of recoil electrons of amount AE, and degraded 
radiation of amount SE. Thus corresponding to the complete absorption 
of a homogeneous beam of radiation, we have 

Ijp _ Total Primary Ionisation __ A ,, « . 

I D Total Degraded Ionisation S ’ 

where A and S are the coefficients defined above (§2). According to the 
Compton formulae, for the wave-lengths under consideration A = S, while the 
new Klein-Nishina formula leads to A — 48. It is evident therefore that 
these formulae will lead to very different results for the relative magnitude of 
primary and degraded ionisation at any point, and that the latter may be of 
considerable importance. In order to ascertain how the existence of the 
degraded ionisation will influence the apparent absorption coefficient of the 
beam, it is necessary to proceed with a more detailed calculation. It is 
evident that the degraded radiation will build up from the primary in a manner 
analogous to the growth of a short-lived radioactive substance from a decaying 
parent body. After equilibrium has been reached the total ionisation 
J s ly + Id will fall off in a manner identical with the absorption of the 
primary radiation alone. Whether or not experimental absorption curves 
may be used as the basis of calculation of wave-lengths will therefore depend 
upon how quickly equilibrium is reached between degraded and primary 
ionisation. 

§ 5, The Characteristics of Degraded Radiation . 

If the suffixes 0 and 1 refer to primary and once scattered quanta 
respectively, then considering average values 

X, ™ x 0 T 0 /S 0 , (5.1) 

since S 0 is proportional to the energy and T 0 to the number of scattered quanta. 

The mean direction of emission is given by (2.4) 
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Assuming, as a typical case X {) 
formulae ( 2 . 6 ) : 

= U-00048 A.U.. 

we find, using the Compton 

Xj =r 0*00096 

0, = .11° 

cos 0, = 0 * 98 

X 2 = 0*00188 

0 2 = 1(5° 

cos G 3 ™ 0*9G 

X 3 -r 0*00351 

O 3 ^ 21 ° 

cos 0 3 =: 0*93 

X 4 = 0*00657 

0 4 == 29° 

cos 0 4 r- 0-87 

X r> 0*01177 ' 

0- — r 38° 

cos Or, = 0*79 


We observe that at each scattering process the wave-length is approximately 
doubled. In the calculations which follow it is assumed that the scattered 
quanta travel straight forward (0 = 0), thus involving an error of the order 
of (1 — cos 0). 

It is convenient to adopt the “ equivalent metre of water ” as the unit of 
distance, this being the thickness of tin; medium under consideration which 
contains the same number of electrons per square centimetre as I metre of 
water. Distances are measured downwards from the top of the atmosphere. 

The Primary Ionisation.-^ Consider first the primary ionisation duo to 
homogeneous isotropic penetrating radiation of density N 0 Av 0 at the top of 
the earth's atmosphere. At a depth x the energy arriving within the solid 
angle sin 6 d<f> dQ is 

dll --■= N 0 /jv 0 sin 0 d<f> rfO <r' Toaf 
By (3.9) the corresponding ionisation is 

rfl - A 0 . N 0 Av 0 sin 0 d<f> dQ<r T '*** *, 

where I = NW is referred to for brevity as the ionisation. 

Hence integrating with respect to </> and G the total primary ionisation at a 
depth x is 

1 0 = N 0 Av 0 A 0 f" f'sin Qer T ^ 9 d<f> dO 

Jo Jo 

= 2ttN 0 Av 0 A 0 f'sin 0 er r^e d Q 
Jo 

Substituting 27 tN 0 Av 0 ~ K and sec G Z we have 

I, = A 0 K f 1— dZ = A 0 K [« -Ts * + VK (- V)], 

Ji A* 

where 

pT#* 

Et (- T„a:) = e —du 
j«0 14 

2 u 


TOL. OXXU.— A. 
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is the value of the £ * exponential-integral ’* between the limits oo and and 
has been evaluated by Glaisher.* 

Denoting [<?~ ToiC + T n icEi ( - T {) x)] by F (T^) we have 

•I ft -A 0 KF(1». (5.3) 

The Degraded Ionisation .—Consider now the ionisation due to once scattered 
radiation at any point P at a depth x equivalent metres below the top of the 
atmosphere. -Taking P as the origin of polar co-ordinates, the amount of 
energy lying within the solid angle sin 6 d<f> rfO which is scattered in the volume 
element r 2 sin 0 d<f> tf 0 dr is 

sin 0 d<f> dQ dre~ Tn ^ }{ r) S 0 , 

where E = x set; 0. 

Since this scattered energy is assumed to travel in the direction of the 
primary radiation, the energy reaching P in the direction considered is 


dE - f U S 0 . N 0 Av 0 sin 0 d<f> db e ~ ,T " (,l ' r) ' T * rl dr 
Jo 


sin 0 [r. T " R - e T - R ] d<j> dO. (5.4) 
1 1 — 1 0 ^ 

Multiplying by A x and integrating with respect to cf> and 0 we find 
I, - t F (V) - F (T,a;)] = K sMjjr [F (T» - F (T,z)]. (5.6) 

lj — i 0 i, — i 0 

whence 

L- Jk Air] 

1« T, — T 0 A 0 1. P(V)J- 

Proceeding in a similar way to obtain the ionisation due to twice scattered 
radiation, we have— 

The amount of once scattered radiation which suffers a second scattering 
process in the volume element r 2 sin 0 d<f> dQ dr so as to reach P is (c/*. equation 
5.4) 

M - ffi 1 sin 8 - e~ T ' r ] d<f> rf 0 S, dr. 

*1 ~~ f 0 

Therefore the ionisation at P due to this radiation is 

I, = pf^f* A^“ T *"*- r ) sin 0 [er r * - e~ T ^ S, d<f> dfi dr, 

JoJoJo Tj — T 0 


or 


“ 1 o 


<»•«> 


‘ Phil. Trans.,’ yol. 160, p. 367 (1870). 
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so that 

h - s o 
I» T, 


T 0 T 2 


To A 0 


1 


_ T 2 -T„ F(l» ' T, - T n F(Trfc) l 
T 2 — T, F(V) t T 2 -T, F(V)1 


When x is very large the expression inside the brackets approaches unity, so 
that we can write down at once the ratio 


I. 


S„ 


s, 


8. 


8.-1 


(5.7) 


I * T . T ' T __ T ' T _ T ' ‘ ‘ 'I’ 'I’ ' A ’ 

* 0 L 1 x 0 1 2 L U 1 .1 1 0 J n 1 0 

The total ionisation J — I 0 + 1 1 + ... I„ is an expression of the form 

J - W (V) + P,F (T,x) + P a P (V) + ... . 

Differentiating with respect to a;, it may be shown that the apparent absorption 
coefficient is given by 


(X = 


Id J 

J dx 


To ,-y.+ + ^ 

J 


(5.8) 


§ 6. The Curves. 

Following the method outlined in the preceding paragraph depth-ionisation 
curves have been computed on the basis of the Compton formulas for primary 
radiation of wave-length corresponding to a total scattering coefficient T 0 of 
0-22 metre"" 1 for water, which is the order of magnitude of the experimentally 
observed absorption coefficient of the softer components of penetrating 
radiation. 

The Curves based on the Compton Formulae. —Fig. 4 shows the growth of 
degraded ionisation. The ionisation produced by radiation of successive 
stages of degradation is expressed as a fraction of the primary ionisation at the 
same point. On the extreme right of the figure (depth -= oo ) the equilibrium 
values of the ionisation are shown, and it is evident that the degraded ionisation 
will have reached 85 per cent, of its equilibrium value in the first 7 “ equivalent 
metres 91 of atmosphere, that is, at an altitude of about 3000 metres, since the 
depth of sea level is 10*4 equivalent metres under normal barometric pressure. 

In fig. 6, the curve marked “ degraded refers to the sum of the ionisations 
produced by all the degraded radiations. As was pointed out in § 4 (equation 
4.1) the area under the curve marked “ primary ” should be to the area under 
that marked “ degraded M in the ratio of the coefficients A and S of the primary 
radiation. The curves shown satisfy this numerical check. 

The absorption of the primary radiation is not exponential because we are 
not dealing with a parallel beam but with radiation which is initially isotropic. 

2 V 2 



Depth in Equivalent Metres of Water. 

Fra. 4.—-Depth-Ionisation Curves. T 0 — 0-22 metre -1 . A a = 0-0 



Fi«. 5.—-Depth-Ionisation Curves. Klein-Nishina Formul*. T 0 — 0 

A 0 » 0-0000W A.U. 
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It appears, however, that the total ionisation J falls off with depth in a manner 
which is approximately exponential, the exponent being T, the total scattering 
coefficient of the primary radiation. This is seen in the figure by the close 
proximity of the total ionisation curve, and the broken line which is the curve 
J ™ J 0 e~ 0,aajr . Since an approximate depth-ionisation curve for any other 
wave-length may be obtained from fig. 6 simply by an expansion or con¬ 
traction of the abscissa), this relation holds for all wave-lengths. It is, however, 
specific to the Compton scattering formulae. Thus it is not shown in fig. 7 
where the curves are computed on the basis of the K^ein-Nishina formulas. 



Depth in Equivalent Metres of Water. 

Fui. 8.—Apparent Absorption Coefficients. T 0 ~ 0-22 metre -1 . 


Curve 1, fig. 8, shows the variation with depth of the apparent absorption 
1 d\ 

coefficient p 0 = — — — 0 of the primary radiation alone and may be calculated 

1 y (130 

accurately from (B.fi) by considering only the terms in To®. This equation, 
however, is not suitable for computing the experimental absorption coefficient 


which therefore has been obtained by graphical methods. This 


quantity is plotted in Curve III which, though not accurate, is reliable in the 
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interesting features which it reveals. Thus we are led to expect that if the 
penetrating radiation were initially homogeneous, the observed absorption 
coefficient would at first increase with altitude (due to the isotropic nature of 
the incident radiation) and then fall steeply to zero. Unfortunately the 
altitude at which the absorption coefficient would be expected to begin to 
decrease is so great as to be beyond the reach of mountain experiments, but 
the maximum might be revealed by balloon observations. 

The Curves based on the Klein-Niehim For make. -So far attention has been 


confined to curves based on the Compton formulae. In figs. 5 and 7 are repre¬ 
sented a similar sct*of curves computed on the basis of the Klein-Nishina 


formula. The corresponding absorption coefficient p 


IdJ 

J dr 


is shown in 


Curve 11, fig. 8. Qualitatively the two sets of curves art! similar, but the 
numerical differences between them are very great. Thus, while both sets of 
curves refer to primary radiation for which the total scattering coefficient T 
is 0 • 22 metre*" 1 , the wave-length of the primary radiation according to the 
Klein-Nishina formula is only about one-fifth of that given by the Compton 
formula. However, the mean change in wave-length at each scattering process 
is greater, so that after two scattering processes the wave length is the same as 
that of the twice scattered radiation calculate.il according to the Compton 
formula). Corresponding to the more rapid degradation there is an increase 
in the rate at which equilibrium is reached. Thus it is seen from fig. 5 that the 
degraded ionisation has reached 85 per cent, of its equilibrium value, after 2 
metres whereas this is only attained after 7 metres according to the older 
theory. Whereas on the Compton formulas the ionisation produced by degraded 
radiation is approximately equal to that produced by the primary radiation, 
according to the new formulae it is only 20 per cent, of the primary ionisation 
and for the wave-length considered only the once and twice scattered radiations 
are of importance. This follows at once from the fact that the new formulae 
yield values of A/S which are of the order of four, as compared with unity on 
the older formulae (cf. § 4). 

The following table, containing data computed on the basis of the Klein- 
Nishina formulae, may be compared with that given on p. 667 :— 



T # =» 0 • 22 metre* 1 . 

i 

A, = 0 000004 A.U. 

A, * 0 -00048 A.U. 

0, ~ 10” 

COB $ x '■■ ■ ■■ 

A, =0 0018 A.U. 

», « 20” 

COS 0 t fa 0*R4 
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Calculations based on the Dirac Formulae ,—Although for a given value of the 
total scattering coefficient T, the Dirac formulas lead to wave-length estimates 
some 30 per cent, smaller than those given by the Compton formulae, the relative 
magnitudes of primary and degraded ionisation are almost identical in the 
two cases so that it was considered unnecessary to construct a special set of 
curves corresponding to the Dirac formula?. 

Experimental Absorption Coefficients .—Referring to fig. 8, Curve I represents 

the variation with depth of the quantity p 0 =■ — -- , where I 0 is the primary 

J ^ u/SC 

ionisation due to radiation which is initially homogeneoUi and isotropic at the 
top of the atmosphere. Curves II and III show the variation with depth, 
computed on the basis of t he Klein-Nishina and Compton formula? respectively, 

of the quantity jx — — -j — where J is the total ionisation at any point pro¬ 
duced by the same incident radiation in a thin walled electroscope surrounded 
by air. For the particular case T 0 = 0*22 metre” 1 , therefore, the difference 
in the ordinates of the Curves 1 and II, or 1 and III, at any given depth, is a 
measure of the error introduced into wave-length estimates through ignoring 
the ionisation produced by degraded radiation. 

Since, according to the Compton formula? (2.0). approximately 

To — &Tj • - 1T 2 

equation (5.8) reduces to 

_ 1 *y , ' 1> + *i 4ToX ± _ /] 

*L k # F(T,^) + k 1 F(2V) + ... ' J ! 

or 

£ = /(V), (6.1) 

* 1 0 

so that from Curve III, p may readily be ascertained for any wave-length by 
expanding the abscissa? in the ratio of the coefficients T 0 for the two primary 
radiations in question. The divergence between p and is obviously greatest 
for hard radiations and high altitudes. By an appropriate contraction of the 
abscissae we find from Curve III that for T 0 — 0*04 metre” 1 (the hardest 
radiation observed by Millikan), p differs from p 0 by 20 per cent, at a depth of 
7 metres, i,e n at an altitude of 3000 metres. 

Owing to the more complicated form of the Klein-Nishina formulae it is not 
possible to find the variation of fi with depth from Curve II, fig. 8, merely by 
an expansion or contraction of the absciss®. Since, however. Curve II always 
lies between Curves I and III the estimated difference between ji and p 0 will 
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always be less according to the Klein-Nishina than according to the Compton 
formula. 

§ 7. The Validity of the Klein-Nishina Formula* 

For the total scattering coefficient T defined in (2.5), Klein and Nishina arri ve 
at the formula) 


T = n—t 2 (1 +-*> - 1 log. (1 + 2a) 1 

mV l a 2 l. 1 + 2a a J 


and from the expression 


+ s loe.O 


2a) 


I + 3a 1 

(1 2a) 2 f ’ 


I = 1„ 


1 *f- cos 2 0 


x 2 (1 — cos 8) 


( 6 . 1 ) 




0 2mV {1 -f a (1 — cos 0)} 3 ^ (1 + cos 2 0) {1 + a (1 — cos 6)}/ 

which they find for the amount of energy I scattered per electron per unit 
solid angle in a direction (6, (f >) in terms of I 0 the incident energy per square 
centimetre one may obtain by integration, 

C, 7te 4 | 1 i yI , n , , 2 (1 + a) (2ot* — 2a . 1) , Ba 2 | 

S u — - log, (J | 2 a) + — 1 —■ —rr - ; + Tn~~TK~Tz ’ 

m 2 c 4 La 3 a 2 (1 + 2a)“ 3 (1 -f 2a) 8 J 

( 6 . 2 ) 


where as usual a =*= Av/rn# 8 , and n is the number of electrons per cubic 
centimetre. For radiation having an absorption coefficient T = 0*35 metre” 1 
in water, a is of the order 200, so that these two equations may, with sufficient 
accuracy, be written 


T = 


Tee 


mrc 


z,a 




{* + f log. 2a}, S 


7Cr 


nrc 


V 4 



(6.3) 


These may be compared with the Compton formulae (for large values of a) 


7tr 

mV 


’ 2a ’ 


8 - n 






V* 


4a 


The nearest approach to a simple and direct comparison between theory and 
experiment would be obtained by a study of the absorption and scattering of 
thorium C" y-rays since it is estimated that about BO per cent, of the energy of 
this radiation is contained in the .line A = 0*0047 A.U. Unfortunately, the 
experimental data concerning these rays are very meagre. The most recent 
determination of the total scattering coefficient in aluminium appears to be 
that made by Rutherford and Richardson* in 1913 who obtained T Ai = 0*096 
cm.~b Assuming that all the energy resided in the one line, the theoretical 
formate give T = 0*047 (Compton), T = 0*056 (Dirac), T = 0*097 cm.* 1 


* ‘ Phil. Mag./ vol 26, p. 917 (1913). 
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(Klein-Nishina). The exact agreement between experiment and the Klein- 
Nishina formula must be fortuitous. Nevertheless when experimental data 
referring to radium (B 4 0) y-rays are made the basis of other comparisons 
the new formulae are in general in close agreement with experiment, whereas 
the formula) of Compton and Dime may be more than 30 per cent, in error. 
Skobelzyn* has observed the velocity and direction of emission of recoil 
electrons produced by radium (B + 0) y-rays (filtered through 3-mrn. lead) in 
a Wilson Cloud chamber. Using the new scattering formula) one may deduce 
from these observations t he spectral distribution of the y-ray energy, and hence 
compute the theoretical absorption coefficient of the y-rays in aluminium. 
One finds Tai — 0*155 cm." 1 if one makes an approximate correction for the 
lack of proportionality between the ionisation produced in an aluminium electro¬ 
scope and the energy of the radiation, by weighing each wave-length by the 
corresponding value of A, the scattering absorption coefficient (</. §3). Prob¬ 
ably the best experimental value is T =0*162 cm." 1 , The values of T A) 
estimated by the Compton and Dirac formulae (using these formula) to derive 
the spectral distribution as well as to estimate the absorption coefficients) are 
respectively 25 per cent, and 20 per cent, too low. When radium C y-rays are 
filtered through 4 cm. of lead a considerable proportion of the energy of the 
filtered rays is found in the line X = 0*00695 A. lb and the remaining energy, 
according to rough estimates, is more or less equally distributed about this 
line. The three theoretical coefficients are T A , =s= 0 • 066 (Compton), T A i = 0*077 
(Dirac), and T ~ 0*123 cm. 1 (Klein-Nishina), while the experimental value is 
0*125 cm.-* 

The experimental data concerning the angular distribution of scattered 
y-radiation are hardly sufficiently precise to warrant comparison with theory. 

The angular distribution in the direction of emission of recoil electrons, 
however, was studied by Skobelzyn using the same y-ray beam as that from 
which the spectral distribution has been deduced. In order to make a valid 
comparison with theory, the relative number of tracks contributed by each 
line in the three angular ranges 0°-30 6 , 30°-*60°, 60 o ~90 o , has been calculated 
using the Klein-Nishina formula), and summed to obtain the theoretical 
distribution 


i 

o’-ar. 

i 


60°~90°. 

Observed (JSko bftlxyn) .. 

17ft 

144 

08 

Calculated (Klein-Niahina) . 

174 : 

169 

• 

70 



* * Z. Physik./ voL 43, p? 364 (1927). 
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Since the experimental figures refer to the actual number of tracks observed, 
the discrepancy between theory and experiment is just outside the u probable 
error,” but is hardly sufficient to constitute a serious challenge to the validity 
of the new formulae. 

The alteration in wave-length estimates introduced by interpreting absorp¬ 
tion coefficients in terms of the new formula* is seen from the following table :— 


Total Blattering eneilieient T in 
metres " 1 of water. 


Knergy of quantum 
in electron-volts 


f Compton 

Dirac . 

| KIciti-NtKhinH. 


l'”*'. 

i 

o*:i 

5, 

f 

0*08. 

(MW. 

i 

j 16 3 

. 10* 

I 714.10* 

1 143 . 10* 

! 154*5 

. 10* 

! 107 

. 10« 

214 . 10* 

j 1)0 

. |0« 

! :m;o 

. 10* 

l 920.10* 


It seems likely on theoretical grounds that whenever a system emits an 
amount of energy E, its mass is diminished by E/e 2 where* c is the velocity of 
light. From the table we see that if the smallest absorption coefficient 
observed with certainty is interpreted in terms of the Klein-Nisbina formula 
it corresponds to a quantum of energy 9*2 . 10 8 e-volts. The production of 
such a quantum would involve the annihilation of mass almost exactly equal to 
the mass of a proton. Conversely, if such a quantum is scattered through 
180° by an electron, all but a negligible fraction of its energy is transferred to 
the electron which thereby acquires a mass of the same order as that of the 
proton. 

Summary, 

Adopting the hypothesis that penetrating radiation is a type of y-radiation, 
its absorption in the atmosphere is investigated from the theoretical standpoint. 

1. An attempt is made to establish a quantitative correlation between the 
ionisation produced in an electroscope by penetrating radiation and the 
scattering absorption coefficient of the radiation. 

2. The relative magnitudes of the ionisation produced by primary and 
scattered radiations at any point are computed by approximate methods. 
The calculations are made on the basis of the Compton scattering formulae, and 
also on the basis of the new scattering formulae proposed by Klein and Nishina. 

3. On the basis of these results the relation between the apparent absorption 
coefficient of a homogeneous isotropic radiation and the true scattering 
coefficient of the primary radiation is discussed. 

4. The adequacy of the Klein-Nishina formulae to account for the observed 
absorption and scattering of y-rays is briefly considered. 
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[Platks II, 12.) 

Introduction, 

The existence of the so-called long range a-particles was first pointed out 
by Rutherford and Wood,* who found, when observing scintillations caused 
by a-particles from thorium active deposit, that particles were present of ranges 
estimated as 10'2 and 11 Cl cm. in airf at 760 mm. and 15° C. Later work, 
both by Rutherford % and by Wood§ in 1921, showed that these long range 
particles were a-particles coming from the source, and in view of the possible 
theoretical importance of these results, Bates and Rogers|| in 1923-24 made an 
intensive search for long range particles of all ranges. From thorium C they 
found in all three groups, one at 11*5 cm. and two of greater range at 15*0 
and 18*4 cm. respectively, but their methods were open to serious objection, 
and later experiments by Yamada^j yielded certain evidence of one group 
only, that at 11*5 cm. Up to this point only scintillation methods had been 
employed, but in 1926 Meitner and Freitag** published an account of some 

* • Phil. Mag./ vol. 31, p. 379 (1910). 

t Air under these conditions i« referred to tliroughout this paper as standard air. 
t ‘ Phil. Mag./ vol, 41, p. 670 (1921). 

J * Phil. Mag./ vol. 41, p. 575 (1921). 

|j 4 Roy. 8oc. Proo./ A, vol. 105, p. 97 (1924). 

% * J. Physique/ vol. 6, p. 380 (1926). 

** • Z. Phyaik/ vol. 37, p. 481 (1928). 
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experiments on these long range particles in which an expansion chamber was 
used. They detected a group of particles at 11* * * § 5 cm. in standard air and also 
another group at 9*5 cm. Philipp,* using the scintillation method, was also 
able to detect the 9*5 cm. particles and obtained results agreeing closely in 
all respects with those of Meitner and Freitag. 

The long range particles from radium active deposit were first observed by 
Jtutherfordt in 1919 and were subsequently studied by Bates and Rogers 
( loc . ait .), who in this case also found three groups of long range particles, with 
ranges 9*3, 11*2 and 13*3 cm. in air. In 1924, also, Rutherford and GhadwickJ 
gave an account of a very thorough investigation of the long range particles 
from radium active deposit. They showed that the particles arose from 
radium C or its products and that those of range 9 * 3 cm. were certainly a- 
particles. They also found a group of range 11 *2 cm. containing approxi¬ 
mately one-sixth as many particles as were contained in the 9 • 3 cm. group. 

A little later Yamada (loc. cit.) reported the results of his experiments on 
the long range; oc-parJ,icles from radium C but in this case he detected only 
particles of 9*3 cm. range,. 

More recently Philippg investigated these particles using an expansion 
chamber but only twenty-six long range tracks were photographed. Of these 
four had ranges between 9*5 and 12 cm. 

Survey of Methods of Range Measurement as Applied to Long Range 

Particles. 

Though there are some obvious objections to the use of the scintillation 
method for the above purpose, it is the method which has been most frequently 
employed in determining the ranges of the long range particles* The method 
theoretically yields a curve giving number of a-particles with range greater 
than R against R, but actually before such a curve can be drawn a smoothing 
process is necessary in order to eliminate irregularities due to probability 
fluctuations in the emission of the particles ; and even after this has been 
done the curve obtained does not give ranges as accurately as its derivative 
curve (number of particles with ranges between R and R -f AR against 
R). In addition, counting becomes very difficult when observing the low 
velocity particles at the end of the range, and so this number distance curve 

* ' Z. Physik,’ vol, 37, p. 518 (1926). 

f 1 Phil. Mag.,’ vol. 37, p. 571 (1919). 

x ‘ Phil. Mag.; vol. 48, p. 509 (1924). 

§ ‘Naturwiss,; vol. 14, p. 1203 (1926). 



670 R R, Nimmo and N. Feather. 

must be considerably distorted just where it is required to be moat accurate. 
The custom has tmen to obtain from such a scintillation curve an extrapolated 
range, but, on examining the justification for this procedure, it is seen that 
even if the scintillation measurements were reliable, the range obtained would 
depend upon the straggling coefficient of the medium through which the 
particles had passed as well as upon the actual mean range of the particles. 

On the other hand the expansion chamber can be made to give the actual 
range of each particle forming a track, and the evidence in connection with 
any given track is recorded permanently on a photographic plate. (The plate 
gives only a two-dimensional picture of tracks in three dimensions, but, as long 
as all the tracks are approximately in the plane on which the camera is focussed, 
this need involve no error.) Consequently from a series of photographs we 
can find the relationship between the range It and the number of particles 
with ranges between R and R f AR and from this relationship the range of 
any group of a-particlea. If the range distribution is Gaussian the mean 
range will be the same as the most probable range, and it is this, rather than any 
extrapolated range, which lias real meaning for a group of a-particies. 

In cases where contamination occurs the expansion chamber has a distinct 
advantage over the scintillation method for in many cases with the expansion 
chamber tracks due to the presence of contamination can lx; recognised 
because they are formed by particles which obviously do not come from the 
source. 

The main objections to the expansion chamber are that in the first place it 
is recording a-particles for no more than 1/500()th of the total life of the source 
and so many photographs and long periods of photographing are necessary 
before an accurate value of the range can be obtained, and in the second place 
there is a little difficulty in finding accurately the stopping power of the gas 
in the chamber at the moment of admission of the particles* 

Expen mental A rrangement. 

Within the last year considerable attention has been given to the ranges of 
the various groups of a-particles emitted by radioactive substances, for accord¬ 
ing to Rutberford'rtf recent theory certain a-particle ranges only are possible. 
The theory is fairly successful when applied to the ranges of known groups of 

* For details of previous range measurements with an expansion chamber see Van der 
Merwe, 4 Phil, Mag./ vol. 45, p. 379 (1923); Curie, ‘ Ann. Physique/ vol. 3, p. 299 (1925); 
Curie and Mereier, 4 J. Physique,' vol, 7, p. 289 (1926); Meitner and Freitag, loc, cit ,; 
Laurence, 4 Phil, Mag./ voi. 5, p. 1027 (1928). 

t ' Phil. Mag./ vol, 4, p. 580 (1927). 
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a-particles and so there is some interest in testing it by examining how closely 
it predicts the ranges of the long range a-particle groups. 

The experiments were therefore undertaken with a view" to finding accurately 
the ranges of the oc-particle groups which were supposed to exist rather than 
with the intention of looking for new groups of a-particles, for obviously it is 
only when dealing with groups which contain comparatively large numbers 
of a-particles that it is practicable to use the expansion chamber for range 
measurements. 

Despite the conclusion of Meitner and Freitag as to the certainty with which 
a-particles can be distinguished from swift protons by the density of the 
tracks they produce, it was felt that only such experimental arrangements 
should be used an did not furnish an appreciable number of protons within 
the interval of range in which long range particles were expected. It is almost 
certain that it is impossible to prepare a source which does not emit a small 
number of “natural ” protons. These particles, which are almost certainly 
secondary in origin and depend upon the method of preparation of the source, 
are mostly, perhaps entirely, of very long range, and so there is little lost if 
the experimental arrangement augments the number of protons of range 
greater than, say, 15 cm. What is required is an arrangement in which the 
main a-partiele groups produce very few’ protons of apparent range between 
7 cm. and 15 cm. for radium C' and 8*6 cm. and 15 cm. for thorium O'. 

Two entirely different arrangements were used, but before describing either 
of them some mention should be made of expansion chamber apparatus 
common to both. 

The expansion chamber was a standard 16 cm. diameter chamber of the Wilson 
type in which the glass cylinder had a height of about 4 cm. The lighting 
was produced by discharging a battery of Leyden jars (0*03 mfd.) through a 
single quartz mercury lamp similar to that used by Wilson. The lamp was 
placed at the back of the chamber and by means of a cylindrical lens the 
light from it was concentrated in the region where tracks were produced by 
particles from a source in front of the chamber. Vertically above the chamber 
was a single camera with a lens of aperture f/4 *5 and of 15 cm. focal length. 
The distance between the top of the chamber and the camera lens was about 
50 cm. and so the magnification of the camera was approximately 0*4. AH 
photographs were taken on plates and in order to save plates and to increase 
the speed of working, a plate was placed in the camera and left there until 
three photographs had been taken on it. This procedure spoils the photo¬ 
graphs slightly but otherwise there is no objection to it. 
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The expansion chamber apparatus was semi-mechanical, a large number of 
operations being carried out in correct sequence simply by turning a handle. 
In all cases it was arranged that between each photograph and the next there 
was a clearing expansion, for without this good photographs were impossible. 

With sources having a y-ray acti vity equaRo that of about 2 mgm. of radium, 
photographs could be taken at the rate of about 200 per hour, but with stronger 
sources than this the rate of photography had to be considerably reduced 
or the photographs became worthless.* For such strong sources the field 
across the chamber was about 120 volts per cm M but in general with weaker 
sources a field strength of 50 volts per cm. was quite sufficient to allow 
of good photography. By calculation from the observed temperature of the 
room and the pressure in the chamber when the gas had warmed to room 
temperature some time after an expansion, it was possible to find the density 
of the air in the chamber at the moment of track formation and hence the 
stopping power of the air in the chamber at this time. The formula for 
obtaining the stopping power in this way is derived below. 

The same principles were involved in the measurement of the photographs 

in both arrangements and a formal treatment 
of the method used is given in what follows. 

Suppose that the magnification of the 
camera is p for points lying in the object 
plane of the lens and consider a hypothetical 
photograph showing one long range track and 
a few tracks belonging to a group of oc-particles 
of known mean range. Suppose that the 
tracks in the chamber are all in one plane. 
Fig. 1 shows the positions of the source and 
the absorbing materials relative to the ex¬ 
pansion chamber and also shows the tracks 
which are to be photographed and the co¬ 
ordinate system by which their lengths are to 
be found. The sotirce is in a medium (air, 
oxygen or carbon dioxide) of stopping power 
(with respect to standard air) s x and is d t cm. away from a second medium 
(mica) of thickness d 2 and stopping power Suppose that a given track 
formed by a member of the group of a-particles of known mean range R 0 
makes an angle 0 with the axis OY and that its end point has ordinate y 

* Cf. p. 077, 
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measured parallel to this axis. Suppose also that the distance between the 
reference point 0 and the nearer side of the mica is d 3 and that the stopping 
power of the gas in the chamber is &* 3 , Then the equivalent range in standard 
air of the particle considered is [Mi + s 2 d 2 + s * 3 d 3 -f sec G cm. of standard 
air. If there are n such tracks belonging to the group of range R 0 we can find 
the mean range for these u tracks and this will bo very close to R 0 the true 
mean range. 

Therefore 

-|* z *1“ yM see G, 

n 

or 

R 0 = [.V^ + S 2 (l 2 + Mfl] S0C 6 + #3 V » eC ( I ) 

where 

sec 0 = “ X sec G and u sec G = — S y see 0 . 

Therefore 

[Mi + Ma + Mai = (R« ^ * a V 8ec W)/ sec U* (2) 

Suppose that the long range track makes an angle Gj with the y axis and that 
its end point has ordinate y v 

Then, neglecting the very small change of stopping power with velocity 
of the particle, E, the range of the particle, is 

IMi + M 2 + M 3 ] sec + *3^1 8ec 0i 

i.e. t 

E = [E 0 — .v^y sec 0 + y x s 3 sec 0] sec QJ sec G, 

y is the actual distance in the chamber, and so if r\ is the variable on the plate 
corresponding to y in the chamber, we have i) — y\i and consequently in terms 
of distances on the plate 

E ~ [R 0 g. — $ 3 y) sec G + $ 3 sec G ■% ] sec G J\l sec 0. 

In general, G was so small that sec 0 was very insensitive to changes in G 
and thus, if measurements of 73 and G are made on the plates, and if R 0 , ^ 
and p, are known, R can be accurately determined. jjl is found by photographing 
a scale in the chamber and s 3 calculated from the readings of a mercury mano¬ 
meter which may be connected to the chamber after the expansion has occurred 
and the gas in the chamber has attained room temperature again. A considera¬ 
tion of the magnitudes involved shows that any one determination of E should 
in the experiments described below be accurate to about 0*5 mm. 

In actual practice we cannot regularly hope to obtain photographs of long 
range particles on plates containing only a few tracks of range R 0 as has been 

2 x 


von. oxxn.— a. 
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assumed when considering the theory of the measurements. Consequently 
the photographs of the few particles of range R 0 have to be taken at one time 
and the photographs of the long range particles at another time. As the values 
of $ x and s 3 and perhaps d t are not the same in the two cases, small corrections 
have to be made on account of these changes, but these corrections are so small' 
that R can accurately be found provided that d t and d 3 are approximately 
known. 

in the first arrangement the radioactive material was deposited on a small 
platinum plate 2*5 mm. long and 0*8 mm. broad. This source, S, (see fig. 2) 

was put outside the chamber in air and 
about 7 mm. in front of a mica window, 
W, 5*2 mm. in diameter. The mica 
used, chosen for its uniformity, had a 
stopping power of just over 2 cm. of 
standard air and closed a small hole 
drilled through the glass wall of the ex¬ 
pansion chamber. Between the source 
and the mica window was a lead screen, L, 
with a hole in it, and arrangements were 
made so that at the correct time this screen could be driven downwards by 
means of a strong spring. In general, the screen was stopped again as soon as 
the hole in it was in such a position that the particles could enter the chamber, 
and a moment later the screen was allowed to fall f urther so that the particles 
were cut off again. Inside the chamber was a lead block, B, with a slot in it 
through which the a-particles passed, but the beam was limited not by this 
slot but by a horizontal slit 19 mm. long and 2-2 mm. high in a piece of mica 
attached to the face of the lead block. Fig. 2 shows a vertical section of the 
arrangement. A calculation, using the fact that the slit on the lead block was 
2*3 cm, from the mica window, shows that even particles of 12 cm. range 
would never be a a much as 6 mm. above or below the object plane of the 
camera, and while the photograph of such a track will not give a true measure 
of its length, yet with the actual arrangement used the measured range could 
not differ by more than 0-25 mm. from the true range. As the error may 
either be positive or negative it must have a negligible effect on the value ol 
a mean range determined from a number of particles. 

In this arrangement swift protons can originate in many ways, for, besides 
the natural H-particles from the source, secondary H-particles will be pro¬ 
duced by disintegration of nitrogen atoms both inside and outside of the 
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chamber, by disintegration of aluminium atoms in the mica, and by the 
ejection of protons from the water vapour in the air inside and outside the 
chamber and from the water of constitution of the mica. 

The angular spread of the beam (in the horizontal plane only) was about 
40°, and so when considering the possibility of recognising protons produced 
inside the chamber it is reasonable to assume that most of those ejected at an 
angle greater than 30° with the direction of the impinging a-particle would be 
recognised as such. As far as disintegration protons are concerned little is 
known with certainty except that many of them have very long ranges. On 
investigating the number of secondary H-particles produced from various 
places, it appears that in all every 10 d a-particles of 7 cm. range would produce 
by elastic collision about 1*5 protons of apparent range between 7 and 15 cm. 
making an angle of less than 30° with the direction of the incident a-particft, 
and in addition to these a number of protons from aluminium and nitrogen 
disintegrations about which little is known. 

The arrangement just described was used only with radium C sources. Cali¬ 
bration was effected by waiting until the radium C source had so far decayed 
in situ that it produced only about 40 tracks per expansion. Hour photo¬ 
graphs were taken at this stage and these were subsequently measured up to 
give 7) sec 0 and sec 0. 

In general, a spot on the top of the piston was taken as the zero from which 
to make the measurements, and even though this spot was somewhat out of 
focus it provided a perfectly reliable zero. 

The slit which let in the oc-particles had a mechanical oscillograph built 
into it audit was also possible to connect|tbe piston of the expansion chamber 
to a second oscillograph mirror on the slit system. By taking oscillograms 
of an expansion with the timing of the slit the same as that used during a 
run, it was possible to find the mean position of the piston during the time of 
entry of the particles. 

If p 0 is the pressure in the chamber before expansion, and p 0 —p x the 
pressure when the air has attained room temperature again after an expansion 
(the piston is still down), and if p w is the pressure of water vapour at room 
temperature then the expansion ratio vjv x is (p {) ~~ p v )j(p (i — p x — p w )* If, 
however, the piston has completed only 1 — c of its total travel when 
the particles enter the chamber then the actual expansion ratio used is 
{v„ — s (t>, — V$fv x or (p„ — p„ — £pj)/(p 0 — Pi — Pi). Suppose that the 

* v x is initial volume above piston and t> a volume after expansion. The pressure relation¬ 
ship assumes that the air in the chamber has become saturated before p 0 — p t is measured. 

2x2 
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air in the chamber is initially at a temperature £ 0 and that lu and p™ are the 
temperature and pressure of standard air, then the stopping power of the gas in 
the chamber relative to standard air before an expansion is 

^0 L ?76 PlO 

where S is the stopping power (with respect to standard air) of water vapour 
at standard temperature and pressure. If we assume that during the expan¬ 
sion the mass of water vapour in the chamber is not sensibly altered, we obtain 
for the mean stopping power of the gas during the time of entry of the particles 


+ ( 3 ) 

*oJ>76 

The value of e was found to depend somewhat on the material on to which 
the piston fell. With thick rubber it had a value as high as 0-19, with thin 
rubber it was 0*11, and with leather instead of rubber it was 0*07. For 
accurate range measurements considerable error results in assuming e = 0. 

The second arrangement was designed to avoid the bulk of the disintegration 
protons which, as mentioned above, were produced in the first arrangement. 
For this purpose an entirely new slit system was built in order to make it 
possible to surround the radioactive source with a gas which did not undergo 
disintegration. The shutter arrangement was as shown in fig. 3. 
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When the current flowed tlirough the coils 0 the iron weights W were pulled 
downwards and the small springs .s* pulled the levers A and B against the stops 
a. When the currents in the coils were broken, the weights W were pulled 
upwards by the springs S. After these weights had moved 5 mm., the 
acceleration being about 10 g., stops on the wires b came in contact with the 
levers and the lever A was turned clockwise and the screen on the left-hand 
end of it uncovered a slit in a piece of brass, and the lever B was similarly 
turned clockwise and the screen on the right-hand end of it covered the slit 
again. The currents in the two coils were broken separately by a high speed 
switch and it was possible to alter the time between the opening of the two 
circuits, and so the time for which the slit was uncovered. 

As the levers were made extremely light the slit was very quickly opened and 
closed. The radioactive source was placed immediately behind the screens 
(to the left in the vertical section of fig. 3) and as mentioned above immediately 
in front of them was the slit, made, double in the form of a box. The end of 
the tube T (see lig. 3) was closed by a mica vyhidow and this whole tube was 
waxed into the front of the expansion chamber. The mica used was uniform 
in thickness ami bad a stopping power between 1 and [ *5 cm. of air. After 
an expansion the pressure in the box was much higher than that in the chamber, 
and, as it was necessary to exhaust the box in the process of filling it, the mica 
was supported between two metal grids to which it was waxed. The effective 
area of the mica window was 16 X 4 mm., the double grid containing sixteen 
holes 2 mm. square. Provided the mica was well waxed in, it easily stood a 
difference of pressure of half an atmosphere in either direction, and doubtless 
it would have stood more. 

This box was at first filled with carbon dioxide at fairly high pressure but it 
was found that, with such high absorptions in the box, the tracks formed were 
not as good as those obtained when, say, oxygen at atmospheric pressure was 
used in the box. It appears that the tracks must be formed at a considerable 
distance from a strong source or else the strong y-ray ionisation prevents good 
track formation. 

The source used was a platinum button 2*4 mm. in diameter, which was 
screwed tightly into the brass plug P closing the back of the tube T. This 
button was then about 3*6 cm. from the mica window. With the exception 
of the two short runs when carbon dioxide was used, the box was filled with 
oxygen at a pressure of about 81 cm. of mercury. 

Under these conditions a 12 cm. particle at the end of its track might be as 
far as 10 mm. from the object plane of the camera lens, but the arrangements 
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were such that particles of this range ended very near to the centre of the 
chamber and as the axis of the camera lens passed through, this point the 
position of the end of the track on the plate was little influenced by the amount 
the track was above or below the object plane of the camera. 

Two brass pins were fixed at opposite sides of the chamber so as to lie in the 
mean plane of the entering a-particles and so that the line joining their ends was 
perpendicular to the direction of the central ray of the a-particle beam. These 
pins appeared on all the photographs and provided a suitable base line from 
which to make the measurement of the plates. 

In this arrangement the calibration was carried out with a weak source of 
thorium C, the measurements being made on the 8*6 cm. a-particles. Calibra¬ 
tions were necessary only as often as the mica was changed, for conditions were 
sufficiently similar from day to day to make only small corrections necessary 
for changes of density in the chamber and in the box containing oxygen. 

The value of the correcting factor e was assumed the same in this series of 
experiments as in that for which it was directly measured. The stopping 
power of the gas in the chamber obtained in this way using equation (3) and 
measured values of p 0 , etc., was then compared with a value found directly 
from experiment. This value was obtained by taking two sets of photographs 
with the same source, the box being filled with air, first at atmospheric pressure 
7t 0 , and then at some smaller pressure tcj. Then, by equation (I), for the first 
series, 

Rq — (# 1^1 + 4 ~ ^ 8^0 ®0 M 

and, for the second series, 

R 0 — ~* + $2^2 4“ S 3^3 ) Se< ^ ®1 4“ *3^1 (6) 

\ 7U 0 l 

Therefore 



In general, tec 6, is very nearly equal to sec 0 O and hence only a very approxi¬ 
mate value of i^t t + * t d t j« required ; and knowing s x 4 x which was capable 
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of accurate measurement, such a value can be obtained from equation (4) if 
R 0 is known. Hence, from equation (6) above, wo can find s 3 the actual mean 
density at the time of entry of the particles. The value obtained using thorium 
C' a-particlea agreed well with the value calculatod from equation (3). 

In this arrangement the number of swift protons produced is much smaller 
than before, and as the width of the beam was only 30° we need consider only 
the number produced within 20° of the direction of the incident a-particle. 
Oxygen in the box was equivalent in stopping power to nearly 4 cm. of standard 
air and so a-particles from radium C' entering the mica window had a range 
of 3 cm. only. Thus very few, if any, disintegration protons would be pro¬ 
duced from the mica, and consequently, besides natural H-particles from the 
source, we have only to consider those ejected from the water of constitution 
of the mica and from the water vapour in the chamber. 

On the same basis of calculation as before we find that 10® a-particles produce 
somewhat fewer than 0-25 proton in passing through the piece of mica (1*0 
cm. is assumed as its equivalent thickness) and in the chamber an additional 
0*25 proton. The number of protons produced in the chamber does not 
include those ejected in the last 2 mm. (in standard air) of the path of the 
particle, because , although very many protons must arise here, their ranges are 
so short that they do not really affect the measurements. Thus the total 
number of non-disintegration protons likely to cause confusion has been 
decreased to about one-third of the number in the previous case and the 
number of disintegration protons must have been enormously reduced. Calcu¬ 
lation shows that considerably more protons are produced when thorium 0 
replaces radium C, but even here the number is only about 1 per 10® 8*6 cm. 
a-particles and the 4*8 cm. a-particles produce no protons that are seen 
beyond the 8*6 cm. main beam. In addition, there are so many long range 
particles emitted from thorium C that the protons produced here are much less 
serious than in the case of radium C first considered. 

In taking a run on radium C a source of radium B + C of about 10 mg. 
y-ray activity was obtained by exposing the platinum button to radon. The 
source was washed in alcohol and then heated to 450° C. in an exhausted silica 
tube. Eighteen minutes after taking the source off it was placed in position 
in the box which was then exhausted to a pressure of about 5 mm. Oxygen 
was blown into the box, it was again exhausted and it was then filled with oxygen 
to the desired pressure and was left in communication with a bulb of oxygen 
of about 2 litres capacity. Throughout the run a careful watch was kept on 
the pressure in this box, on the temperature of the room and on the pressure 
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of the air in the chamber after an expansion. With a radium C source 
photography was continued for from 2 to hours. 

For measurements on the long range particles from thorium C, sources of 
thorium B -)~ G were available and so, on account of the long period of thorium 
B, photography could be continued for 3 hours or more and in all ways runs 
on thorium B + C could be carried out with much less haste than was imperative 
in the case of radium B + C. Sources up to 4*3 mg. y-ray activity were used 
in the case of thorium C. Separate platinum buttons and plugs were kept for 
the two types of source. 

Results. 

Thorium C.—Only the second arrangement was used and most of the data 
were obtained as the result of two runs using oxygen in the box. Previously, 
in runs in which carbon dioxide was used in the box, about 70 tracks were 
photographed and their ranges are included in the results. In all, about 1200 
photographs were taken and on these were obtained the tracks of 563 long 
range particles. Thirteen of these particles passed outside the chamber and 
nine had ranges between 12 * 5 and 17 cm. Fig. 4 shows the ranges of all 
particles lying between 9-0 and 15*0 cm. 



Fro. 4. 

It will be seen that these tracks fall into two groups, and if the mean ranges 
are calculated for these groups they are found to be 9*82 and 11*62 cm* 
in standard air, As has already been pointed out the method of measurement 
yields the range of a given a-partiele as so much in excess of the mean range 
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of a group of a-particles, and in giving the above values for the mean ranges 
of these groups from thorium C it is assumed that the mean range of the 
thorium C' a-partieles is 8*54 cm* The exact value of the mean range is 
doubtful, but as the difference between extrapolated ionisation ranges is not 
likely to be very different from that between mean ranges for corresponding 
groups the extrapolated ionisation ranges of these groups can be taken as 
9*90 cm. and 11-70 cm. 

The curves in fig. 5 show the distribution* of range of the 11*7 cm. particles 
photographed and also that of 161 particles of range 8*62 cm. used in the 



calibration for this series of photographs. One naturally expects that the 
straggling for the 11-7 cm. particles will be greater than that of the 8*0 cm. 
particles, both from the theory of straggling and also because of increased 
artificial straggling produced by the expansion chamber. The fact, however, 
that the curves are of the same shape and of not very different widths indicates 
that these 11-7 cm. partioles are a-particles ejected from the source with almost 
constant velocity. The distribution of the 9*9 cm. particles is similar to those 
of the 8*6 and 11*7 cm. particles, but too few tracks are available to allow a 
straggling curve to be drawn. 

Radium C.—Here both arrangements were used. The first arrangement 
yielded 188 long range tracks and of these 41 passed outside the chamber, 
the second yielded 273 long range tracks of which 15 only passed outside the 
chamber. The distribution of length of tracks in these two series is shown in 

* ia this case in order to smooth the curve a moving average was taken using eaoh 

traek'twioe. 
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fig. 6 (a) and (b) where once more the distances represent mean ranges in 
standard air on the assumption that the mean range for radium C' a-particles 



Fig. 0. 


is 0-90 cm. (fig. fi (a )) and that the mean range for thorium C' a-partioles 
is 8 • 54 cm. (fig. 6 ( b )). A comparison of the two sets of results indicates 
that except for the difference in the numbers of long range tracks going right 
aoross the chamber* there is nothing essentially different between them and 
so they were combined to give fig. 6 (c). 

From this figure one thing can be deduced with certainty and that is that 
there is a group of a-particles with a mean range just greater than 9 cm. If 
one calculates as a first approximation the mean range of all tracks between 
8*1 and 10-0 cm. the value obtained' is 9-08 cm., and if one then calculates 
the mean range of those tracks (241) having ranges between 8’6 and 9*5 cm. 
the value 9*08 cm. is again obtained, and, as the second calculation is likely 
to inolude all the tracks in this group, 9*08 may be taken as the mean range of 
the group and 9 * 16 cm. as the extrapolated ionisation range. Further con¬ 
sideration of fig. 6 (c) is reserved for the disoussion which follows. A series of 

* In the seoond arrangement these had been reduced to numbers comparable with these 
to be expeoted from the result* of Rutherford and Ghadwiok (Joe. oaf.). 
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photographs is reproduced and a description of them is included as an appendix 
to the paper. 

Discussion. 

There can be little doubt that almost all the tracks photographed are oc- 
particle tracks and not those caused by fast protons. This question has been 
discussed already and the conclusion reached is supported by the fact that the 
straggling coefficients of the main groups are of the order to be expected for 
a-particles emitted by the source with uniform velocity. If, however, one 
examines the tracks which go to make up these groups, one finds that some of 
them are very thin and in all respects similar to those formed by protons of 
high speed. While it may be taken as certain that under given conditions an 
a-particle will form a denser track than a fast proton, it seems that in the actual 
use of an expansion chamber variation of the lighting in different parts of the 
chamber and of the time of entry of the particles may cause such differences 
in the appearance of the tracks that an a-particle track may be actually or 
photographically as thin as a proton track formed under good conditions. As 
a result of our experience in this work we have come to the conclusion that the 
density of the track formed in an expansion chamber is not always a reliable 
means for distinguishing between fast protons and a-particles. 

A point of some interest is the relative numbers of a-particles in the 9*9 
and 11-7 cm. groups from thorium C. The ratio of these numbers has been 
measured by Meitner and Freitag* using an expansion chamber and again by 
Phihppf using the scintillation method. The results obtained in both these 
experiments agree in fixing the ratio at 1:2*8. For the same ratio the value 
obtained here is 1 : 5 * 1. While the present work has shown that the expansion 
chamber is not a reliable instrument for counting a-particles, it is surprising 
that the difference between the results of Meitner and Freitag and those 
obtained here is so large. It is perhaps worthy of note that Philipp found 
swift protons to theextentof 18 per cent, of the number of long range a-particles 
observed, while in the arrangement of Meitner and Feitag they were present 
to the extent of 11 per cent, of the long range a-particles. In the experiments 
described here the very long range tracks going across the chamber were less 
in number than 3 per cent, of the long range a-particle tracks. 

In the case of thorium C besides 541 tracks between 8 * 6 and 12-2 cm. range, 
9 tracks were found which did not cross the chamber and which had ranges 
greater than 12 * 5 cm. It seems unli kely that many of these tracks can be due to 

* Loc, tit. 

f Loc.oU. 
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fast protons, and the view taken at present is that these tracks were formed by 
oc-particles ejected by the source. It is quite impossible that they were caused 
by radioactive contamination. 

In the case of radium G also the view taken is that the tracks observed with 
ranges other than 9*2 cm. were formed by a-particles coming from the source. 
It is impossible to explain the results as being due in part to radioactive con¬ 
tamination, for, thougli evidence of contamination was sought, it was not found. 
The results make it quite clear that radium C does not emit only two groups 
of long range a-particles of 9*3 and 11*3 cm. range as has been supposed for 
some time on the evidence of scintillation experiments, though the distribution 
curve shows those particles which in such experiments would produce an 
effect like an a-paxticle group of 11*3 cm. range. 

When discussing a distribution curve such as fig. (> (c), it is reasonable to 
postulate that the a-partieles forming the tracks observed are emitted in 
groups of definite velocity, even though it might be possible to explain the 
distribution by supposing it to be caused, partly or wholly, by a continuous 
spectrum of a-particles. In the case of the results obtained for radium C the 
possibility of a continuous spectrum of particles cannot be entirely neglected, 
but as the chief features of the observed distribution can be explained by 
assuming groups with ranges of 8*1 and 11*0 cm., with possibly another 
group at about 10 cm., this explanation is preferable to any which requires a 
continuous a-ray spectrum. Thus there is strong evidence for additional 
groups at 8*1 and 11*0 cm. with a doubtful group at about 10 cm. and these 
groups and the one at 9*2 cm. are considered to include most of the long-range 
a-particles emitted from radium C, though in addition there are a few particles, 
most of which must be a-particles from the source, with ranges greater than 
12 cm. 

It is possible to make a comparison between the results obtained with 
thorium C and radium C in two slightly different ways. Attention may be 
directed to the distributions obtained with the same numbers of long range 
a-particles, or else to the numbers and distributions of the long range particles 
accompanying the same numbers of primary a-particles (8*6 cm. or 7*0 cm. 
particles). While the total numbers of the long range tracks recorded here 
are in the ratio of 5 : 4, they must be associated with about 2 X 10 6 8*6 cm. 
a-partioles in the case of thorium C and 14 X 10° 7*0 cm. a-particles in the 
case of radium C. The second method of comparison is useful when secondary 
effects are known to be present, but, as these effects are absent in the results 
described here? the first method of comparison is used. 
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It is seen that in each case the most abundant group is accompanied by a 
group of particles of lower velocity containing about one-fifth as many particles 
as in the larger group. Furthermore, the energies of the 7, 8*1 and 9*2 cm. 
particles from radium C are in the ratios 1 : 1*09 : 1*18 and closely similar 
ratios 1 : 1*09 : 1*20 hold for the energies of the particles in the groups of 
8*0, 9*9 and 11*7 cm. range from thorium C, a fact which suggests that the 
11*7 and 9*9 cm. groups of thorium 0 may correspond to the 9*2 and 8*1 cm, 
groups from radium C. This comparison can, however, be carried no further, 
for there is no group in the particles from thorium C which corresponds to the 
11 cm. group from radium 0. 

The agreement between the extrapolated ranges found and those given on 
Rutherford s* theory is not very satisfactory, for in twof cases out of three the 
experimental ranges lie midway between two ranges predicted as possible. 
That these long range; particles come from thorium C and radium C or their 
products has already been shown, but the position in the radioactive series of 
the substance producing them is uncertain. They have generally been assumed 
to come from the C' bodies, J but if such long range particles are associated, 
according to the normal relation, with very short decay periods, they can 
only occupy this position in the sequence by originating in an isotope of the O' 
body, the isotope being formed by an extra (3-branch at the parent C body. 
The long range particles might be emitted by substances formed by branchings 
at other points, and if this were the case the experimental values would not 
be expected to agree with those given for the 0' bodies on the basis of 
Rutherford’s theory. 

There is also the possibility that these a-particles do not exist in the nucleus 
with abnormally high energies. They may be a-particles of the ordinary 
groups which, just prior to ejection, are in some way supplied with extra 
energy. If one overlooks the difficulty of finding a source of energy to supply 
about 2 X I0 6 electron volts to a thorium C' oc-partiele, this explanation of 
their presenoe has much to commend it, for it does not require extra branches 
and yet it explains the high energy of these particles and their comparatively 
rare occurrence. If this supply of energy were available only for particles 
ejected in a very short time after the previous ((3) disintegration, then the 

* Loc, vU. 

t The ranges of both groups from thorium C. 

% The only evidence on this point is that long range a-particles from actinium aotive 
deposit have not yet been definitely observed. Here the O' body is present in very small 
quantity and the particles of range 6*5 cm. are the normal a-particles from this body. 
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association of long range particles with thorium C' and radium C' and their 
relative abundance with these elements might possibly find explanation. In 
any case it would appear significant that these particles are found only with 
thorium C' and radium C', the two substances of most rapid disintegration* 
If the particles do indeed obtain their high energy as has been suggested their 
energy would not necessarily correspond to that of a definite orbit in the 
nucleus. 

&lumtmty. 

The paper describes in detail experiments which have been made to deter¬ 
mine the ranges of the long range a-particles from thorium C and radium C. 
For this purpose an expansion chamber was employed and descriptions are given 
of the arrangements used and the precautions taken so that the ranges o the 
particles might be obtained accurately from photographs of the tracks formed. 

it is concluded that thorium C gives out two groups of a-particies having 
extrapolated ionisation ranges of 11*70 and 0*90 cm. respectively. A few 
tracks were found of which the range was greater than 12*5 cm. and these 
are also thought to l>e due to a-particles emitted by the source. 

In the case of radium C the conclusions are less definite. There is certainly 
a group of a-particles having an extrapolated ionisation range of 9*16 cm. 
in standard air, but besides these particles there are other particles with ranges 
between 7*5 and 12*5 cm. The number of long range tracks available does 
not allow any absolute decision to be made as to whether these particles are 
emitted in groups of constant velocity, but there are very strong indications of 
groups of ranges 8*1 and 31*0 cm. The experiments show without question 
that radium C does not emit only two groups of a-particles of ranges 9*3 and 
11*3 cm. The actual position is much more complex. 

We wish to record our thanks to Prof. 8ir Ernest Rutherford for the interest 
that he has taken in these experiments, and for the encouragement which he 
has given us in what has proved to be a long and trying investigation. Thanks 
are also due to Dr. Chadwick for much advice and many helpful discussions, 
and to Dr. Chadwick and Mr. G. R. Crowe for preparing the radioactive sources. 

Description of Photographs. 

It was the regular practice throughout the work to number all plates before 
exposure. The serial numbers so assigned have been used for the purpose of 
the present description. The values of the magnification quoted below are the 

values of the ratio . The ranges given are ranges in 

length in standard air 
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standard air, and, unless otherwise stated, tracks are taken in order from left 
to right. 

Plate 11. Long range particles from thorium C. 

Cf 19. Magnification 1*03. The right-hand track haB range 11*47 cm. 
Had right-angle photography been employed the left-hand track would have 
provided very conclusive evidence regarding the nature of the long range 
particle. With a single photograph no finality is possible, but, owing to the 
fact that the plane of collision and the object plane of the camera lens cannot 
be greatly inclined in this case, consideration of the angles on the photograph 
makes it very unlikely that the collision was other than an a-particle-nitrogen 
nucleus collision. The very faint track is probably due to a swift proton. 

Ce 2. Magnification 1*10. Ranges of long range tracks 9*60, J1 *55, 
11*52 cm. 

Cn 18. Magnification 0*74. Range of long range track 11*40 cm. This 
photograph and the next were obtained during many test exposures made 
from time to time with a small source. On plates taken in this way about 
3000 8*6 cm. a-particles were registered. On this plate the ends of the 4*8 
cm. tracks are also visible. 

Ob 2. Magnification 0*91. Range of long range track 11*49 cm. 

Ca 27. Magnification 1*15. Ranges of long range tracks 11*59, 11*77, 
11*71 cm. This plate was exposed once only. 

Bw 27. Magnification 0*65. Ranges of long range tracks 11*64, 11*61, 
11*61, 9*92. 14*89 cm. 

Plate 12, Long range particles from radium 0. 

In this scries of photographs special attention is paid to tracks which do 
not belong to the moat abundant group, viz., that at 9*08 cm. mean range. 
Only one track of that group is included. 

Bd 6. Magnification 1*10. Ranges of long range tracks 11*04, 8*93 cm. 

Bn 23. Magnification 1 *05. Range of long range track 10*91 cm. 

Bg 4. Magnification 1*34. Range of long range track 8*42 cm. 

Cv 28. Magnification 1*33. Range of long range track 8 *36 cm. 

Be 25. Magnification 0*94. Ranges of long range tracks 12*17, 9*80 cm. 

Df 19. Magnification 1*34. Ranges of long range tracks 10*00, 7*68, 
10*42 cm. 
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The Spectrum of H,: The Bands Analogous to the Ortho-helium Line 

Spectrum. 

By 0. W. Richardson, Yarrow Research Professor of the Royal Society, and 
K. Das, King’s College, London. 

(Received December 19, 1928.) 

§ L The oc Bands . 

la “ Structure in the Secondary Spectrum of Hydrogen—Part V ”* it was 
shown that there existed in this spectrum a very extensive series of bands 
whose null lines were related by a Rydberg-Ritz formula and whose electronic 
terms were very close to those of the principal series of the so-called helium 
doublets (orthohelium) showing that the spectrum of H 2 is closely analogous 
to the line spectrum of He. [Tt is also very similar to the spectrum of He a .] 
This similarity has since been confirmed by the discovery and investigation of 
the absorption spectrum of unexcited H 2 by Dieke and Hopfieldf from which 
it appears that none of the final 2 states of that spectrum, in which the tran¬ 
sitions are from 1 X S to an upper 2 state, are the same as the final 2 states of 
these emission bands. On the other hand their 2 l S states do agree, to the 
accuracy of the ultra-violet data, with the final states of an entirely different 
set of band systems in the visible spectrum which are therefore analogous to 
the parhelium spectrum.J 

The conclusions of Part V were drawn from a study of the Q branches of 
the bands only. In an earlier paper§ (Part IV) a preliminary investigation 
of some of the accompanying P and R branches had been made by a study of the 
intensity distribution in these bands in the first type discharge. This method 
enables the lowest rotational quantum number lines of the bands to be picked 
out with some certainty but the upper lines cannot in general be recognised 
on account of the faintness of the discharges. These can only be located by 
finding lines which satisfy some reasonable combination principle. An attempt 
made by one of us (O.W.R.) in collaboration with Dr. D. B. Deodhar to extend 
the classification of Part IV led us to the conclusion that the existing data were 
inadequate, mainly owing to insufficient resolution, to enable a satisfactory 

* O. W. Richardson, ‘ Roy. Soo. Proc.; A, vol, 113, p, 368 (1926). 

t * Phys. Rev.,' vol. 30, p. 401 (1927). 

x Richardson, 4 Boy. Soc. Proc.; A, vol. 115, p. 528 (1927); Richardson and Davidson, 
* Nature,' June 30, 1928, 

$ Richardson, ‘ Bay. Soc, Proc.; A, vol. Ill, p. 714 (1926). 
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decision to be formed as to whether the details of Part IV were correct or ought 
to be modified. 

This situation has now been changed owing to the publication of the excellent 
wave-length tables of Gale, Monk and Lee.* An examination of these fully 
confirms the very extensive series of systems of Q branches of Part V and the 
combinations are found to be exact to the accuracy of the new data. This is 
true in all essential details for the bands which involve the electron transitions 
3 -+2 (a), 4 -*2 (£) and 5-^2 (y), but the weak bands involving the 6 -►2 (8) 
and higher transitions will require some reconsideration. 

By using the more exact new final vibration intervals thus obtained it has 
been possible to identify with certainty the R and P branches which go with 
the Q branches of Part V. The new arrangement includes the old lines of 
Part IV which have the lowest quantum numbers, as it must to harmonise 
with the microphotometric print of the first type discharge (fig. 2 of that 
paper), but it abolishes the doublet structure shown in fig. 3 and it appears 
that there are only 3 branches, P, Q and R, or perhaps it would be better to 
say P', Q and R' as the initial levels for the P' and R' branches are different 
from those for the Q branches. In the R' branches it appears that there is a 
final level below any of the final levels present in the Q branches. The corre¬ 
sponding line we oall R'(0); it is the same as the R(l) line of Part IV, The 
new R'(l) line is the same as the old R'(l) line and in fact the new R'(I) branches 
are, except for one or two of the weaker members, the same as the R branches 
originally proposed by Dieke.f The new P'(2) lines are the same as the 
former P (2) lines and the new P' (3) lines are the same as former Q' (l) lines 
in some bands and Q' (2) lines in others. The new arrangement agrees just as 
well with the behaviour of the lines in the first type discharge as does the old. 
These remarks are to be taken as applying only to the axial sequence of bands 
in the red. The lines which are taken from Fulcher’s classification are 
R' (0) s= S 4 , R' (1) = S 7| P' (3) = S fl in the two first bands and P' (3) = S 6 
in the two others. 

Table I shows the lines of the Q branches of the H a bands using Gale, Monk 
and Lee’s wave-numbers and intensities. The number under m indicates 
the rotational number of the line. The figures such as 2, 0 above each branch 
indicates that the vibration transition is 2 0, etc, A few weak lines not 

given by Gale, Monk and Lee are included; these are distinguished by the 
letters M and B (Merton and Barratt), T (Tanaka) and D (Deodhar). The 

* * Astrophys. J./ vol. 67, p. 89 (1928), 
t * K. Akad. Wet., Amsterdam,* vol. 27, p, 490 (1924), 
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Table L— 


Moon 

l"-0" 

From R (0) lines 2524 ’32 


1 *16011*48(10) 2621*08 14090*4 (4) 

2 *10(190*87 (10) 2614*67 14081*8(1) 

3 *1667894 (10) 2504*84 14069*1 (0) 


2885*12< 
2878*80< 
2869*4l< 


i 

6 

16544*31 (2) 

18507*71 (2) 

2491*91 

14062*4 (1) 


H Q (4) „ 

„ Q (5) „ 

2492*00< 

247018' 

C >05 

>5*87/ 

2867*06< 

2341 * 03' 

f >*08 

>5.48/ 

6 

16404*49 (0) 









m 

1,0 


1, 1 


1,2 





1 

18861 66 (9) 

2621*07 

*10880*69 (10) 

2885*09 

13945*6 (8) 





2 

18830*68(6) 

2514*53 

16816*06(0) 

2378*85 

18937-2 (2) 





3 

18799*28 (6) 

2604*80 

•16294*37 (10) 

2859-87 

13925-0 (la) 





4 

18767 *83 (1) 

2492*08 

10266*75 (3) 







5 

18706'64(1) 

2476*18 

16230*41 (2) 







HI 

2, 0 


2, 1 


2,2 


2, 3 



1 

20966*62(1) 

2521*08 

*18445-44 (10) 

2386-18 

*16060*31 (10) 

2253*01 

13807-3(0) 



2 

20939*70 (1) 

2514*70 

18425 -00 (8) 

2878-78 

*16040-28 (7) 

2240*88 

18799*4 (2) 



3 

20899*62(0(1) 

2604*85 

118394 ■ 77 (10) 

2869*41 

*10026*36 (10) 

2237-76 

13787 *6 (2a) 



4 



18364 -76 (2) 

2867*02 

15997-73(2) 

2225-08 

13772*1 (00) 



& 



18805-25 (2a) 

2841*62 

16903 -63 (2) 

2210*43 

13753*2(06) 



m 

3,0 


3,1 


8,2 


8, 


3, 4 

1 

22960*00 (0) 

2621*11 

20488 -89 (4) 

2385*09 

•18063*80(10) 

2263-04 

•15800*76 (10) 

2123*70 

13077-0 (5) 

2 

22927 ■ 56 (^ 

2614*60 

20412 -98 (1) 

2378*83 

18084*16(7) 

2240*92 

•16787*23 (5) 

2117*78 

13669-6(1) 

3 


20874*29 (1) 

2309-45 

18004*84(0) 

2287*74 

•15767*10 (7) 

2108*80 

13658-3 (1/j) 

4 



720328-15(5) 

2367*09 

717900-06 (4) 

2225*67 

15740*49 (1) 



6 



20250-61 (1) 

2341-03 

17917*88 (1) 

2210-86 

15707*58 (1) 



m 



4, 1 


4,2 


4,3 


4, 4 

1 



22814 -49 (0) 

2385-18 

19929-81(1) 

2253*08 

•17070*28 (9) 

2123*80 

•15552*87 (10) 

* 





19904*16 (0) 

2240*92 

17057 *24 (2) 

2117*86 

15589*38(3) 

1 





19866 -70 (1) 

2237*80 

17628*90 (4) 

2108*85 

•15620*06 (8) 

4 

5 







T17691 * 22 (4) 

17545*14(1) 

2090*57 

2082*02 

16494*66 (0) 
(M. A B.) 
16463*12 (0) 

m 





5,2 


5, 8 


\4 

1 





21689-41(Oaft) 2263*06 

19480-36 (3) 

2123*86 

17312*48(8) 

2 







19411*89 (0) 

2117*76 

17294*18 (1) 

8 









17266-82(2) 

4 









17230-99<laA) 

)* 







0, S 


6,4 

1 







21088*10(0) 

2123-91 

18959*19(8) 

2 







21063 *12 (^ 

2117-02 

+18986*60 (0) 

3 







t21009*39(2) 
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7,4 

720498 *95 (2) 


20419*14 (0) 


m 
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Table II.- 



m 

9,0 


2, 1 


2, 2 


2, 3 



0 

21084 *17 (0«) 

2684*80 

10600*78 (8) 

2888*28 

♦16121*62 (8) 

£266*12 

13866*4(3) 



1 

21076*92(1) 

2681*17 

*18564 *06 (10) 

2385*10 

♦18188*06 (10) 

2263*05 

18016*0(6) 



t 

21109 *64 (0) 

8614*77 

18587*77 (5) 

2378*85 

16208*02 (4) 

2246*82 

18062*1 (la) 



n 

fill 14*69 (Oft) 

2604*86 

18810*24 (4) 

2360*48 

716240 *81 (5) 

2237*71 

14008*1 (1) 



4 



16820*86 (0) 

2866*00 

16268*87 (1) 

2225*67 

14038*2(1) 



6 



718818 *04 (0) 

2341*64 

16277*40 (1) 

2210*60 

14066*8(00) 



m 





3d 2 


3,3 


8,4 

• 





718115*04 (8) 

2256 08 

•16860*66 (6) 

2126*86 

18783 0(1) 

1 





♦18168*56 (10) 

2268*02 

•16006*68(10) 

2123*03 

18781*6 (8) 

2 





718100 *12 (8) 

2240*02 

16043*20 (8) 

2117*80 

13826*4 (4) 

« 





18211*64(0) 

£237*00 

15978*66 (nP)© 
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Table III.- 


« 

0,0 


0,1 

2 

16479*06 (7) 

2614-66 

18964-6(0) 

3 

neaw*7»t(io) 

2604-79 

18896-0(1) 

4 

198X4*09 (4) 



5 

*16226-06 (8) 



0 

16180-47 (2) 



7 

16081*77 (2a) 




m 

2 

8 

4 

6 

1,0 

18718*62 (4) 

18681*08 (7) 

18681-28(2) 

2614-69 

2604-84 

2492-06 

1, 1 

•16208-98(7) 

•16126*19(10) 

16039*18 (6) 

1, 2 

2878*78 18826-2(1) 

2869-89 13766-8(2a) 

2366-88 18662-8 (Oc) 

15946-21 (r)D 



m 



2, 1 


2, 2 


2, 8 

t 



18820*06 (6) 

2878-84 

•16941*22(6) 

2246*92 

18694 *8 (Oa) 

8 

20744*46 (00a) 2504-94 

•18280*61 (10) 

2869*41 

•16870*10 (10) 

2287-70 

18682-4 (2) 

4 



18160 *87 (3) 

2866*98 

16798*89(6) 

2225-49 

18668-4 (Oa) 

5 

20680*48 (4) 

2476*09 

18064*39(8) 

2841*60 

•18732*79 (fl) 

2210*60 

18602-2(00) 

6 



17949*96 (2) 

2328*01 

16626*94 (1) 




m 

3, 1 


8, 2 


3,8 

8,4 

2 

20814-69(2) 

2878*86 

17985*78 (6) 

2246-92 

•16688-81 (6) 2117*81 

18571 *0(0a) 

8 

20229 *13 (2) 

2369*89 

♦17869*74 (10) 

2287*78 *U5621-96 (10) 2108*86 

18618*1(1) 

4 



17776-06(4) 

2226-69 

16549*47(8) 2096-77 

18462*7 (1) 

6 





15473-48 (rtf*)D 



lines measured on the interferometer are indicated * and for those marked f 
there are grounds for believing that they may still be blends. The lines 
are in alternate columns separated by the corresponding final vibration 
differences. These will be seen to show an excellent agreement, the extreme 
variation rarely exceeding 0*1 wave-number if we keep to the lines measured 
by Gale, Monk and Lee. The table has undergone considerable extension in 
the region of high vibration numbers since Part V was written. It is also very 
gratifying that the bad agreement given by the older infra-red data has entirely 
disappeared. The existence of all the states both initial and final with vibra¬ 
tion numbers between 0 and 7 is now securely established and there is some 
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evidence for the occurrence of n' = 8 and 9 and n" = 8. The tables of final 
and initial vibration differences together with the first and second differences 
of these quantities with m shown on the right of the diagonal line in Table I 
shows that the behaviour of all these quantities is very regular. The third 
differences with n or n" of the m— 1 vibration differences are constant both 
for ittitia.1 and final terms. This shows that the usual expression for the 
vibrational energy which includes only terms as high as n* is inadequate but 
that the function can be completely expressed by adding terms in »• and n 4 . 
Conversely this regularity is a high tribute to the aoouraoy of dale, Honk and 
Lee’s measurements ; in forming the differences the wave-numbers have been 
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recalculated as the wave-lengths are frequently more accurate than the wave- 
numbers given in the tables. 

Tables II and III give similar data for the B' and P' branches respectively. 
As in the Q branches there is in both cases a pronounced alternation in intensity 
in the lines corresponding to a weight ratio of 3 to 1 for successive rotational 
states.* This is fairly evident from the eye, estimates of intensities given by 
Gale, Monk and Lee but it is much more evident if the unpublished intensity 
measures of Kapuscinski and Eymersf are used. For example, their values of 
the intensities of the first three lines of the various branches of the 0 -* 0 band 
are :—Q (1) = 173*0, Q (2) = 47-0, Q (3) = 81-1, R'(0) = 40 0, R'(l) = 
120-0, R'(2) = 34-7, P'(2) = 24-4, P'(3) = 67-0, and P'(4) =29-5. 
Throughout the band system the Q branches are stronger than the R' and the 
R' than the P'. This also is exemplified by the foregoing values of the inten¬ 
sities and is true throughout the band system. In each case the maximum 
strength is close to the symmetrical diagonal progression which is in approxi¬ 
mate agreement with Condon’sJ theory of intensity distribution in band 
systems for systems having constants of this type. 

There is a definite perturbation in the 1' -*■ n" progression, the lines P' (4) 
and R' (2) being either absent or very weak and in any event not in the normal 
place. This means that the fourth upper rotational level is either absent or 
is weak and has an abnormal value in the n' = 1 vibrational state of the upper 
electronic level. We have not been able to find any evidence of any initial 
level with n' > 3. Both P' and R' branches seem to die out suddenly at the 
n' = 4 progression. This does not conflict with the existence of n' = 4, 5, 6, 
7 and possibly 8 and 9 in the Q branches because the respective initial levels 
are not the same. They are also slightly higher for P' and R' than they are 
for Q. 

§ 2. The p Bands. 

Table IV shows the Q branches of the band system, electronic transition 
4 -*• 2. The numerous inaccurate or missing lines present in the corresponding 
tables of Part V have now quite disappeared and some additions have been 
made in the bands arising from higher vibrational states. The existence of 
the levels up to n' — 5 and n" — 5 is now certain, the inclusion of the few 
lines whioh belong to the 6th and 7th levels is perhaps questionable. Table V 

* Cf. Richardson, ‘ Roy. 8oc. Proc.,’ A, vol. 116, p. 484 (1927). 

f Sinoe published in * Roy. Soc. Proc,,’ A, vol. 122, p. 68 (1929). 

X ‘ Phys. Rev.,* voL 28, p. 1162 (1926). We intend to retain to this in a later com¬ 
munication. 
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exhibits what we have been able to find of the R' and P' branches for this 
electron transition. They are extremely weak except the 0 -*-0 bands. Such 
as they are, however, they, as well as the Q branches, have very similar pro¬ 
perties to those of the corresponding H« bands. In each case what strength 
there is lies on or close to the diagonal sequence. There is the same alter¬ 
nation of intensity in the lines. Kapuscinski and Eymers’ intensities of the 
0-*0 lines are Q (1) = 111, Q (2) = 36*5, Q (3) = 53*8, R'(0) = 21*6, 
R' (1) = 76*9, E/ (2) not measured, P' (2) = 9*6, F (3) = 48*4 and F (4) = 
9*5. P' (3) either seems too high or P' (2) and P' (4) too low. As in the H a 
bands the Q branches are the strongest and the P' branches the weakest. In 
view of the weakness of the R' and P' branches for the 4 -> 2 electron transition 
these branches will be very weak for the higher transitions, if they exist. So far, 
a rather desultory search for them has not yielded any evidence of their 
existence. 


§ 3. The Rotational Structure of the Bands. 

Having found the R' and P' branches we are now able to extend the analysis 
of Part V to include the rotational structure of these band systems. The 
general scheme of the levels and the transitions which occur are shown in fig. 1. 
Since R' (m) ~~ Q (m) y* Q (m + 1) — P' (m + 1) the upper levels are double 
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Table IT.— 


m 

0,0 


0,1 





1 

*22263*85 (ft) 

2521*03 

19742*22(6) 





1 

122247-21(6) 

2514*62 

19782*69 (0) 





3 

22228*80 (4) 

2504*86 

19718 -44 (0) 

* 




4 

22101*78 (l) 







m 

1,0 


1, 1 


1,2 



i 

24472-87 (2) 

2521*07 

•21951*80 (10) 

£886*04 

19566*76(4) 



*> 

^4450*86 (1) 

2514*72 

21036*14(5) 

2878*75 

19557*39(1) 



tt 

7~4417 *87 (1) 

2504-85 

21018*02 (4) 

2869*48 

10548*69(2A) 



4 



21882*35(10) 

2357*02 

19625*83 (Oo) 



m 

2, 0 


2, X 


2, 2 


2. 3 

1 

26566-00 (00) 

2621*16 

24035*74 (6) 

2885*18 

21650-50(10) 

2258*06 

10307*60 (6) 

2 

T2652870 (ni) 

2514*47 

24014*82 (1) 

2378*88 

21636*44 (6) 

2246*03 

30888*51<1A) 

s 



128982*37 (2) 

2369*41 

721612*66 (8) 

2287*87 

10875*09(2) 

4 





721583-62(0) 

2226*67 

710857*05(00) 

m 



3, 1 


8,2 


3,8 

l 



26097*76 (m 

2885*05 

28612*71 (8) 

2258*12 

21360*60 (6) 

2 





723591*05(1) 

2246*99 

21844*06(1) 

3 





28560*92(1) 
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21828*11(2) 
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1 



given orroneotwly a« 
52456*81 by Ck, M. and L. 
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H^R' Branches. 

f* 0,0 0, X 

0 £2820*70 (fi) 2524-86 710806■44 (0o) 

1 22870*40(8) 2621*01 tl0858*89 (l) 

2 22410*60 (2) 

8 22440*78(8) 

4 

m 1,1 

1 722068*07 (8) 

£ 22106*74(1) 

3 22180*46 (8) 


Table 


m 2,2 

1 21751-56 (0A) 


m 

1 

2 


8, 8 8, 4 

721446*70(8) 2128*04 10822*85(1) 

21400*50 (0a) 


Final Term Difference. 
0" 

HO — P2 — 190*40 
HI - PS - 830*74 
K2 ~ P4 ** 469*51 
R8 ~ T6 ~ 684*71 

1" 

El - P8 - 814 *88 
B2 - P4 - 486*02 
B8 — P5 — 666*81 

r 

El — P8 «* 208*78 

8" 

B1 - P8 ~ 288*47 
E8 - P* - 805*68 


Initial Term Difference. 


O' 

R2 ~ P2 
E8 - P8 


280*80y 

>121 78 
401*12' 


V 

E2 — P2 

E8 - P8 - 800*70 
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22180-30 (3) 
22048-6(1 (7) 
21060-18 (2) 
21865-07 (2) 


10548-50<2A) 


21748*00 (0«) 

21608 -82 (0) 2857-11 10811*71 (00) Riven erroneously a» 

mil -20 by G., M. and L. 

tt21583 *62 (0) 




4 


121163-82 (1) 
121006-92(1) 
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(in most cases R' (w) — Q (m) is > Q (m +1) — P (m + 1)). Since R (m) — 
P (tn + 2) has the same value for all bands with the same final level, for a given 
m, it follows that the P' and R' transitions arise from the same set of upper 
levels and the Q branches from a different set. The lower levels on the other 
hand are single. In each set the weights of alternate levels oscillate in the 
ratio 3 to L In the final states the lowest has weight 1 the second 3, the third 

1, the fourth 3, and so on. In the initial states from which the Q lines spring 
the lowest state has weight 3, the next 1, and so on. In the upper states 
from which the R' and P' lines spring this is reversed, the lowest being weak, 
the second strong, and so on. The strong levels are denoted by a (antisym¬ 
metric) and the weak levels by 5 (symmetric) in fig. 1. The electronic terms 
of these bands and the fact that the final states do not occur in the absorption 
spectrum of H 2 leads us to expect that the final states are 2 3 S states, and 
the initial states 2**P states. If these states are triple the separation of the 
components must be exceedingly small. Merton and Barratt measured the 
width of some of the lines and found it to be normal for a molecular weight of 

2, and a very large number of them have been measured on the interferometer 
by Gale, Monk and Lee, who say nothing about any evidence of fine structure. 
Some suggestion of evidence that there may be something of the sort may be 
baaed on the fact that there does seem to be a tendency for the final vibration 
differences to run very slightly higher for larger values of n\ If this is real it 
is in any event a very small effect. The final vibration and rotation terms 
which are derived from pairs of lines each measured on the interferometer show 
the following comparisons :— 


2,1 P' (3) - 

2,2 F (3) = 

= 2369-419,, 

2,1 Q (3) 

-2,2 

Q (3) 

= 2369-411*, 

2,1 R' (1) - 

2,2 R'(1) = 

= 2385 • 1()0 7 , 

2,1 Q (1) 

— 2,2 

Q(1) 

= 2385-119,, 

3,2R'(1) — 

3,3 R' (1) = 

= 2253-031,, 

3,2 Q (1) 

— 3,3 

Q(i) 

= 2253-035 7 , 

1,1 R' (1) — 

1,1 P'(3) = 

= 314-548*, 

2,1 R' (1) 

-2,1 

F (3) 

= 314-528,, 

2,2 R' (1) - 

-2,2 F (3) = 

= 298-846, and 3,2 R'(l) 

— 3,2 

F<3) 

*= 298-812*. 

The agreement of some of these pairs 

is perhaps i 

not so 

good 

as might be 


expected if the lines had no structure; but when the possibility of the 
measurements having been affected by the presence of faint blends is borne 
in mind the existing data hardly seem numerous enough to reach a definite 
conclusion from. 

In any event it is clear that apart from the possibility of some very fine 
structure the lines of these bands are single. Nevertheless we shall use the 
symbols 2 3 S and m ®P to represent the electronic states with which they are 
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concerned as this recalls the connection with the principal series of helium 
“ doublets ” already referred to and it is desirable to retain the symbol 2 1 S- 
for the states in the new “ violet ” bands which are common to the 2 states 
of the ultra-violet absorption spectrum. 

Since the number of electrons in the hydrogen molecule is even, if the lower 
states in fig. 1 are S states they will, according to Mulliken,* have the j values 
h H. 2i etc., and also cr = 0 and p =■■ 0 ; whilst if the upper states are P 
states the successive j values are l£, 2£, 3|, etc., and a \ and p =; 0, It has 
been pointed outf that there is evidence that in this spectrum there are no 
transitions between symmetric and antisymmetric states, i.e, y that all tran¬ 
sitions which occur are either antisymmetric -+■ antisymmetric or symmetric 
symmetric. We shall adopt this as a guiding principle. In addition we have 
the usual restriction of the changes of j, viz., Aj 0 or ± ). These 2 principles 
account completely for all the lines which are found, the distribution of 
intensity among them and the lines which are missing, when the aforementioned 
j values are adopted. There does not seem to be any need to labour this 
point. It is obvious from fig. 1 which shows on the left-hand side all the possible 
lines on this scheme up to R' (3), Q (4) and P' (4). The first lines of each 
branch are respectively R' (0), Q (1) and P' (2). The lines Q (0) and P'(l) 
are not found because they would have to come from a non-existent upper 
level. The strong lines are in all cases those which have odd m values, i.e., 
R' (1), R' (3), Q (1), Q (3), F (3), P' (5), etc., and the weak lines those which 
have even m values, i.e., R' (0), R' (2), Q (2), Q (4), P (2), P (4), etc., as is 
required by the figure when the 3 to 1 ratio of the weights of the antisymmetric 
to the symmetric states is borne in mind. 

We think this proof is conclusive that these bands are 2S — mP but we shall 
offer still further proof that the lower state is a 2S state in a later section of 
the paper. 

We turn now to the numerical values of the rotational band constants. The 
final rotational term differences are given by 

R' (m ) _ p' ( m + 2) - F" (m + 2) - F" (m) (1) 

and a brief examination showed that the terms were well represented by 
expressions of the form 

F n " («) - B n " (m - e n ")* + K" (» - 

* 1 Phys. Rev.,’ vol. 28, p. 1202 (1926), 
f Richardson, 4 Roy, Soc. Proc.,* A, vol. 116, p. 484 (1927). 


(2) 
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m being the current number of the line such as for example R (0) as indicated 
in fig. 1 and B n " and e n " being taken as constants, the index n indicating 
the vibration number of the final states. In general we used the values of 
R' (1) — P' (3), R' (2) — P' (4) and R' (3) — P' (5) to determine the 3 con 
stants, we then calculated the values of F" (0), F" (1), . . F" (7) and tested 
the results by comparing the calculated with the observed values of the remain¬ 
ing terms such as F" (2) — F" (0), F" (6) — F" (4), etc. These agreed to 
within the accuracy of the data. In making these computations all the wave- 
number data were recalculated from Gale, Monk and Lee's wave-lengths to 
3 decimal places. In most cases the first three term differences are reliable 
to within 0-01 wave-number (about 1 part in 30,000). In this way we obtained 
the constants given in the following table. 


Table VI.—Constants of the Final Levels. 


— 

Vibrational level n" 

0 . 

1 . 

2. 

3. 

4. 

Bn" 

33-328* 

31-746* 

30-148, 

28-568,, 



0-603589 

0-600297 

0-601228 

0-505021 

4 

fin" 

0-020632 

0-020408 

0-019338 

0-017963 



It will be seen that e n " is very close to in all cases. As a matter of fact 
practically as good a fit with the observed data can be got by assuming e = — £ 
exactly, which is equivalent to the very simple assumption 

F»" M = B„" (m + i)» + ft," (m + *)* = B„"/ + ft,"/. (3) 

For the n" = 0 state the successive term differences are given in the second 
row of Table VII. The values of these are equal to 3,5, 7, etc., times the quanti¬ 
ties in the third row. From any successive pair of these a value of (J 0 " can be 
deduoed. These values are given in the fourth row. These show a systematic 
variation with m so that (3 is not constant but if we neglect this and take the 
average the mean value of p is —0-02100. Taking this value of (3 0 " the data 
in the second row lead to the values of 2B 0 " given in the fifth row. The mean 
of these is 2B 0 " — 66-7704. However, most weight should be attached to 
the values got from the lower term numbers as these are less affected by the 
uncertainty in the small quantity (3 0 ". On this interpretation (e 0 " = — §), 
it looks safe to put 2B 0 " = 66-773 ± 0-001. If e 0 " is not assumed =» —J the 
value of 2B 0 " comes out lower by about 1 part in 500 (Table VI). The value 
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Table VII. 


F"<2)—F"(0) 

F"(3)-F"(l) 

F"(4)—F"(2) 

F"(5)-F"(3) 

F"(0)~F"(4) 

F"(7)-F"(») 

109*409 

330-772 

409-434 

534-643 

706-601 

821*226 

2B 0 "+13/V' 

2B„"-f29j3 0 " 

2B O "+530 O " 

2B # "+8 50," 

125/3," 

2B tt "+173j8 # " 


V. -0-02168 -0 02171 -0 02103 -0-02037 -0-02080 

2B," - 60-7727 I 00-7734 I 00-7404 | 00-7663 I 00-7706 I 60-8042 


F"(0) 

F"(l) 

F"(2) 

F"(3) 

F"(4) 

F"(5) 

F"<6) 

F"(7) 

8-345 

76-011 

207-838 

405*818 

067-439 

990-686 

1373-039 

1811*472 


of the moment of inertia I 0 " of this molecule (2 S S) corresponding to the above 
value of 2B 0 " is 8-2951 4 x 10 -41 grm. cm. 2 . 

The value 2B 0 " —- 66-773 ±0-001 compares with the following previous 
estimates:—(1) 67-98 in Part V, p. 411. This estimate was based on the 
arrangement of the P and R branches in Part IV and was got from the wave- 
numbers of the lowest P line and the two lowest R lines. The reason for the 
good agreement is that the lowest R and P line respectively are the same as 
R' (0) and P' (2) of the present arrangement and the next R line was very 
close to R' (1). (2) 57-4 in Part V by the indirect method depending on the 
analysis of the vibration rotation cross term applied to the data given by the 
Q branches. This method only gives rough values and the agreement is of 
the kind to be anticipated. (3) 60-88 in ‘ Roy. Soc. Proc.,’ A, vol. 114, p. 649 
(1927) by the method involving the application of the m* power term to the 
Q branch data. This method is also rough, with the data then available. 
However, it will be seen that none of the old values were very wide of the mark. 

Another check on the value of 2B 0 " can be got by calculating the coefficient 
P„" of the m* term. According to Rratzer’s theory of the anharmonic oscil¬ 
lator the relation between these constants is given by 

(V = B 0 " (2B 0 "c/tt» 0 ) J ‘ (4) 

Using the present data got from the R' (0) lines the recalculated values of «o 0 
and iDye axe tc 0 = 2593-06& and = 67-99 compared with the values 
w 0 =* 2593-82 and — 68-41 given in Part V. On substituting the new 
values of 2B a " and w 0 in (4) we find p 0 " = 0-02214. The values of p 0 " in 
Table VII range between 0-0203 and 0-0217 so that equation (4) is evidently 
close to being fulfilled although the value of p 0 " given by it is a little too high. 

In Table VIII are assembled similar data to those given in Table VII and 
got ip a similar way for the higher final vibration levels, 
vox,, oxxn. —a. 2 a 
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In the data of Tables VII and VIII e is assumed to have the value —J 
exactly. When this assumption is not made the corresponding constants are 
given in Table VI. It will be noted that the systematic variation of (J" and 
2B" with m which was observable in the n" =* 0 state is also present in the 
higher n" states, go that the theoretical fit with e == —£ is not perfect although 
it is very good. The value of B tt " for different values of n" is given by 

B n " » 33*386 - l*6497n" + 0*0212n" 2 . (6) 


Table VIII. 


-ft" 

2B/' 

-ft" 

2B t " 

-ft" 

2B," 

-ft" 

2B 4 " 


7*937 


63*5107 


71*341 


197*661 


365*921 


634*655 


0*02113 

0-02050 

0*02044 

63*4981 

63-4943 

63*4910 


941*913 


0*01928 

63*5350 


7*540 


60*3336 
7*157 


6*780 


67*774 


187*774 


366*602 


602*855 


894*659 


0*01969 

0*01981 

0 01937 

60*3308 

60*3236 

60-3281 


001919 

60*3409 


1305*252 


1239*676 


64*326 


178*200 


347*874 


j 0*01922 

0*01936 

0-01856 

| 57*2614 

57*2537 

57-2693 


60*938 


54*2502 


168*798 


329*459 


571*972 


541*561 


848*668 


0*01848 

0*01924 

i 

0*01880 

54*2563 

54-2473 


54*2513 


Mean 

values. 


0*02034 

63*5058 

0*01951 

60*3314 

0*01904 

57*2622 


§ 4. The Initial Rotational Levels. 

Turning to the initial levels, these are aa stated already, double. The term 
differences for the levels from which the B' F lines originate are given by 

R , (m)-F(ro) = F(m + l)-F'(m-l). (6) 

These term differences have been analysed by the same methods as in dealing 
with the corresponding final term data. Only the results for »' == 0 and 
W as 2 are given. Owing to the perturbation in the »' = 1 level there axe 
not enough reliable lines for the results for this level to be certain. As in the 
final levels the terms are very dose to the form 

F (m) - B' (m - e)* + p' (»» — e) 4 (7) 
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where e is very close to — J. In calculating the data given in Table IX c has 
been assumed to be —£ exactly as in the similar tables for the final levels. 
The constants for the initial levels have very similar properties to those for 
the final levels. The systematic variation of (V and B' with m is again quite 
noticeable showing that the formula does not cover the experimental data 
perfectly. 

Table IX. 



F 0 '(3)-F,'(l) 

F„'(4)-F <> '(2) 


F o '(0)-F,'(4) 

Sy<7)-F o '(0) 

F»'{8)—F,'(0) 

Mean values. 

i 


295’334 

409*910 

521-082 

027*952 

729*072 | 

825*123 

i 

-IV 

0*02118 0*02061 0 02029 0*01996 0*02001 

0-02041 

2B 0 ' 

59*6586 

59*6403 

59*0329 

59*6378 

59*6595 

50*6821 

59*6510 


F,'(3)-F,'(l) 

F,'(4)-F,'(2) 

F,'(8)-F f '(3) 

F 9 '(S)-~F,'(4) 





267-711 

370*710 

409*920 

564*594 




~Pt' 

0*02432 0*02320 0 02219 



0*02326 

2B,' 

54*2167 j 

54*1913 

04-1914 

54*2342 j 



54*2084 


It seems likely that if we put 2B 0 ' — 59-65 the last figure will not be wrong 
by more than 1 unit. This value compares with the following previous esti¬ 
mates for this quantity :—(1) 51-7 in Part V, p. 410, by the indirect method 
depending on the analysis of the rotation vibration cross terms. (2) 53-55 
in ‘ Roy. Soc. Proc.,’ A, vol. 114, p. 649 (1927) from the third differences of 
the Q lines. Both of these methods were only rough, at any rate with the data 
available, and the agreement is of about the kind to be expected. 

Assuming the applicability of equation (7) we can now calculate the values 
of F' (1), F' (2), etc., for the upper (P' R') levels using the mean values of B' 
and (}'. The values for the n' = 0 level are given in the second column of 
Table X. The values have been checked by recomputing the differences 
F' (m + 1) — F' (m — 1) and comparing with the observed data. Except 
for m = 7 where the line may be wrong, the disagreement never exceeds 0-18 
wave-number. This is greater than the observational error, but it is as good 
as can be expected with so simple a formula. 

In the third column of Table X are given the values of F 0 ' (m) for the upper 
levels from which the Q lines come. These have been got by taking the F„' (m) 
values in the second column and subtracting from them the values of 

R' (m—1) — Q' (m — 1), which are equal to (Q)~^ The differ* 

2 z 2 
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Table X. 


m 

i 

P.'(m). 

(?'. R') 

F.'(m). 

<Q) 

4m, 

P' R' 


4 m 

1 

67 006 

66-481 

0-525 

67-209 

66-732 

0*477 

2 

186-616 

184-283 

1*383 

186-807 

184-503 

1*364 

3 

362*306 

369-792 

2-514 

362-643 ] 

360-004 

2-539 

4 

696*607 

691*714 

3-893 

595* 777 

591*864 

3*913 

6 

883*561 

878*339 

6*222 

883*627 

878-394 

5-193 

6 

1223*716 

1217-523 

6-192 

1223-654 

1217*036 

6-018 

7 

1613*133 






8 

2048*387 







enoes between the numbers in columns 2 and 3 are the doublet distances between 
the close pairs of upper levels shown in fig. 1. These distances are very nearly 
equal to 1$, 2|, 3£, 4|, 5£, which are the values of j — 1 for the levels. 
In fact for the three lowest levels where the data and interpretation are most 
certain they only differ from j — 1 by amounts which might be expected from 
the errors and uncertainties in the calculated positions of the levels. So far as 
we can find from the literature* this type of doubling is usually taken to be 
proportional to j ± e, but this seems to be an inference from the behaviour 
of lines having high values of j, there being no reliable data for low values of j. 
For high values of j the difference between j — 1 and j — | in this separation 
would be indistinguishable. It seemed possible that our disagreement with 
this result might arise from the arbitrary assumption c = — J made in com¬ 
puting the data in the left-hand half of Table X. We accordingly recalculated 
the data, by the method already described in dealing with the final levels, 
without assuming c = — J. This gave the values shown in columns 5, 6 
and 7 of Table X. It will be seen to make very little difference to the calculated 
doublet distances and they agree just about as well with the values of j — 1. 

Table XI gives the similar data for the ri = 2 level. As before columns 2, 
3 and 4 give the values computed by assuming e = — J and columns 5, 6 
and 7 corresponding values without this restriction. It will be seen that there 
is no great difference in the values. The chief difference between the n' = 2 
and the ri — 0 levels is that in ri = 2 the rotational doubling is about twice 

* B.g., Mulliken, ‘ Phyg. Rev.,’ voi. 20, p. 483 (1226). 
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as great as in n' = 0. The separations A m are still proportional to 1:3:6: 
7:9; so that for these 3P states at any rate the rotational doubling is pro- 
jwrtional to the j — 1 values. 

Table XI. 


i 

m j 

4 j 

(P'R 7 ) 

_ 

F, '(*»), 

(Q) 

! 

Am. 

*Y(m). 

(P'R') 

(Q) 

Am. 

l 

! 

80-866 

59-872 

0-994 

61-253 

60*333 

0*920 

2 

188-402 

188-883 

2-609 

168-953 1 

188-200 

2*663 

3 

328*530 

323-800 

4*736 

328-964 

324*201 

4*763 

4 

539-322 

i 532-446 

6-876 

539-664 

532-798 

| 6-888 

5 

798-618 

790-061 

8-557 

798-894 

790*395 

8-499 

ft 

1103*631 

i 

j 


1103-956 


, 


Owing to the perturbation in the 1* level it is not possible to supply similar 
detailed information but it is possible to say something about it. Of the 
lines which come from this vibration level the Q lines and the lines R' (0), 
R' (1), R' (2), P' (2), P' (3), P' (4) are certain. The only combination of these 
which gives an upper term properly is R' (2) — P' (2) = P (3) — F (I). If we 
compare this with the value of the same rotational term for the three other upper 
vibrational levels we have for n' = 0, 295-334; for «' = 1, 272-160; 
for n' — 2, 267-705 ; and for n' as 3, 254-390. The successive differences of 
these numbers are 23-174, 4-455 and 13-315. Thus this term d ifference for 
the »' = 1 level is irregular being about 8 wave-numbers lower than the value 
which would fit in regularly with the others. Another way in whioh this level 
is abnormal is brought out if we consider the relation between the P' R' and 
the Q levels. 

Table XIa. 



1. 

2. 

3. 

4, 

5, 

n' 

— . . . 

119-12 

178-05 

235*76 

391*73 

3*3-SO 

O' 

Q(» + 1)-F(m + 1) .... 

117*31 

174-15 

229-32 

282*65 



R (m)' — Q (m) . 

110*15 

160*06 




v 

Q(m+ + 1) .... 

112*09 

168*19 

226-58 




R' (») -- Q (to) . 

108-83 

162-67 

215*46 

266*13 

313*71 

2' 

Q (** + 1) — P'(*» + 1) .. 

105*06 

155-26 

203-86 

250*85 



R'(m) — Q(m) . 

104-76 

155-97 

206*68 

256*76 


3' 

+ 1) - P'(»+ 1) -- 

98-42 

145*14 

191*01 
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The values of R' (to) — Q (to) and Q (to -f- 1) — P' (to -f 1) are Bet out, from 
each of the four upper levels 0, 1, 2, 3 in Table XIa. The difference between 
R' (to) — Q (to) and Q (to + 1) — P' (to 4-1) is the quantum defect caused 
by the doubling and crossing over of the upper levels. It will be observed that 
for n' — 0, 2 and 3, R' (to) — Q (to) is always > Q (to + 1) — P (to + 1), 
but in the perturbed T level it is less. In fact in the »' = 1 vibration level the 
Q levels for a given j are not below the P' R' level for thereame j as shown in 
fig. 1 but they lie above them. We shall see in a moment that exactly the 
same thing is true of the upper levels of the H# bands which also are weak. 

The only term values for the n' = 3 level are R' (2) — P' (2) = 264-390 
and R' (3) - Y (3) = 351 • 785. These give B 3 = 25-628 and p 8 = - 0-0269. 

§ 5. The Upper Lewis of the Hp Bands. 

The data are too fragmentary to do much with except in the case of the 
n — 0 vibration state. The observed data for this state are 

F 13) - F (1) = 289-39, F (4) - F (2) = 401-12, R' (1) - Q (1) = 116-16, 
R' (2) - Q (2) = 172-48, R' (3) - Q (3) = 226-48, Q (2) - P' (2) = 116-91, 
Q (3) - P' (3) = 174-64 and Q (4) - P' (4) = 231-60. 

The R', Q differences are less than the Q, P' differences ; it is the other way 
about in the H. bands, exoept when n' = 1. If we make the calculations 
assuming F (to) = B 0 ' (to — e)* -4- (V (to — e)‘ and assume e = — $ exactly 
we have — p 0 = 0-0240. This gives two values of 2B 0 ', viz., 58-674 and 
58-675, mean 58-6745. Using these we calculate column 2 of Table XII. 


Table XII. 


in 

4 

(P'R'). 

*Y(m) 

<Q) 

- A (m). 

1 

65*774 

65*96 

0*19 

2 

182*108 

182*685 

0*58 

3 

356*167 

356*750 

1*58 

4 

583*226 

586*77 

3*54 


The values of — Ato would agree better with — J, 1 J, 2$ or 0,1, 2, 3, than 
with 1J, 2$, 3£ as the highest value shotild have the largest error. Un¬ 
fortunately there are not enough data to determine the value of c independently 
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and as this level has some of the properties of the perturbed n' s» 1 level o\ 
the a bands there may be some inherent irregularity in it which would nullify 
any general conclusions about the values of A m which might be drawn from it. 

§ 6 . The 2 S - 38 Bands. 

There is a system of bands in the red and infra-red which have the same 
final states as the H a , 0 , y , o tc.> bands. The lines with the final and initial 
vibration and rotational term differences are given in Table XIII and XIV. 
The final term differences are the same as those of the a, (3, y bands so that the 
final state is the one we have denoted by 2 3 S. The initial states, however, 
are different from any hitherto encountered The bands are characterised by 
the presence of P and R branches of about equal intensity and by the absence 
of Q branches. The line P ( 1 ) (see the diagram on the right-hand side of fig. 1) 
is present; so that there is a lower level in the upper state than the lowest 
level in the mP states of the a, (3, y bands. The upper levels of these bands are 
therefore mS levels (they are all single) and from the value of v 0 for the bands 
it is almost certain that m =s 3. We shall therefore refer to them provisionally 
as 3 *S levels. 

As the final level has already been analysed we are now only interested in 
the initial level. The rotational terms of this level appear to be represented 
by F (m) «= B (m — e ) 2 + {3 (m — e ) 4 with e = — \ to the accuracy of the 
observational data. The values got in this assumption are shown in Table 
XV. 
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Table XIII.— 

New Bands (*S -* *S, Q Branch absent, 


m 

0,0 


0, 1 

0 

fl6642 • 48 (1) 

2524-28 

18118-2(1) 

X 

•16660*30 (4) 

2521-00 

18148-8(4) 

j» 

16076*02 (X) 

2514-52 

38161-5(Od) 

3 

116662*63 (2) 

2604*83 

3S157-7 (1) 


4 15«i#10(00) 


m 1,0 1,1 

0 14004-85(1) 

1 17440*62 (1) 2521*08 14028-49(8) 

2 14982*73(1) 

3 tl4017*ll(In) 

4 7 «, Q1 - 14885-15 (la) 

2888-26 

2385-09 

2878-78 

2360-41 

1, 2 

12516-1(00) 

12648-4(26) 

12654 0 (06) 

12547*7(la) 

12627-0(00) 



m 


2,2 


2,8 

0 


14157-9(1) 

2256*0 

11002*0(00) 

1 


14181-8(8) 

2253*1 

11028*2(2) 

2 


14188-6(1) 

2246-8 

11041*7 (OOe) 
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R Branches. 

and no missing line except the null point). 



2'—1 
1041-8 
1637-0 
1634,5 





h 2 


80-1-, 


12510*1 n 

> 27*3v 

l»-2< 

>10-0 

12548-4< 

>.. < 


>17-0 

12654*0^ 

-3-S^ 


12547-7/ 

>-0-3/ 


0.0 

15042-48 
15600-30 
15070 02 
15002-53 
15020-10 



>20-28 

> 20-12 

> 19-94 


I, 1 
14904-35 
14028 
14038-78^ 
14017-11/ 


> 24-Hv 

*40/ \l#-0 

> 4-24< 

•78/ >10-8 

-15-08/ 




Final 

Term Differences. 





0" 

I" 

2" 

3" 

a (o) — 

P(2) - 

100-42 

180-71 

180-2 

171-2 

* (D- 

• (8) - 

330-78 

314-52 

298-85 

283-0 

<2>~ 

(4) - 

450-40 

436-80 

415-1 

303*8 

(3)- 

(6> - 

564-62 

555-80 

626-0 



Initial Term Difference*. 
Not Mean. 



125*2 

210-8 


)>85-« 




714 


0. "W. Bichardson and K. Das. 


Table XIV.— 
New System *S Q Branch absent. 


m 

0, 0 


0, 1 





1 

16528*92(8) 

2621-02 

18007*9(2) 





2 

15448-00 (2) 

2514-60 

12928-5(2) 





3 

*15888-01 (8) 

2604-81 

12833-8(4) 

* 




4 

16210*02(00) 

2492-02 

12724-0(1) 





6 

16077*91 (0) 

2476*01 

12601-9 (2a) 





m 

1,0 


1, 1 


1,2 



1 

17318-08(0) 

2621*02 

14797-01(8) 

2886-11 

12411-9(2) 



2 

17220-24(0) 

2614-00 

14714*04 (3) 

2378*74 

12885-0(1) 



3 

17118 -79 (1) 

2504-82 

14018*97 (3) 

2809-87 

12244*0(8) 



4 



14496*86 (2) 

2366-90 

12188-9(1) 



5 



14361-19(1) 

2841-49 

12019-7(1) 



m 

2, 0 


2 ,1 


2,2 


2,8 

1 





14056*1 (1) 

2268*0 

11808-1(0) 

2 

18870-02(0) 

2514-48 

10356-44 (OA) 

2878-74 

18977-7(0a) 

2240-9 

11780-8 (lc) 

3 

18760-76(0) 

2604-97 

10261-79(4) 

2809-89 

18882-4(1) 

2287-8 

11044*6(00a) 

4 

18022-51 (1) 

2402-04 

10130 -47 (2) 




11647-9(1) 


Table XV. 



0 . 

1 . 

i 

2 . 

3* 

4. 

5. 

Moan 

values 

1 

F a '(#i4*2)~F 6 '(»i) (ob*>) .... 

140-46 

232*98 

323*91 

412-48 



r 

~fio' . 

0-01 

m 0-01 

203 0-01 

381 



0*0139 

SB,*. 

47-001 

40*979 

47*010 

47-013 



47*001 

®V(*»). ; 

5-88 

0280 

140-33 

285-79 

479*18 

098-10 


F 0 '(m-f 2)— F t (tn) (calo.) .... 

140-45 

232-99 

323*85 

412-37 




Fj(m) (obe.) .... 

131*47 

218-12 

303*15 

i 


i 


-A' . 

0*01 

24 0-01 

32 




0-0128 

2 B,'. 

43-960 

43*995 

43*985 




43-990 

. 

5-50 

49*43 

130*97 

i ■ 

267-52 

440-15 



'F a '(«+S)—F,'(m) (calc.) .... 

m-47 

218*09 

803-18 




‘ 

1 ‘ 










Spectrum of H s 


715 


P Branches, 

and no missing line except the null point). 



Mean 


Mean 

m 

r-o' 


2 # -r 

1 

1780*11 N 

> 2*93. 

1044*20 

2 

1786*10< 

^>3*03 
> 5*08< 

1641*80 

3 

1780*18< 

>2-04 

> 8*02 

1637*81 

4 

5 

1771*28< 

1760*20' 

>8*06 

>11*07/ 




0,0 


i, i 


16628-02 

16448*06 

15388-01 

15216*02 

15077*01 


14797*01. 



> 86 *86. 

> 82 -37, 


>18*59 14714*04< 


>18*80 

>104*45< 

>100*67< 


>17*54 14618*07< 


>17*44 

>121*00< 

>118*11' 


>16*72 14496*86< 


>16*66 

>138*71' 

>134*67' 


14861*10' 




14060*1 

13077-7 

13882-4 



10*0 


0 , 1 


13007-9, 



> 79*4. 

12028-6< 

>15-3 


> 04*7< 

12833*8< 

>14-5 


>109 *2< 

12724*6< 

>18*5 

>122*7/ 

12801*0'' 



1 , 2 


12411*9 

12335*9 

12244*0 

12138*9 

12010*7 



2,8 

11803*1 



1S*9 

10-6 


This band system shows an alternation in intensity of the successive lines 
like that found in the a, ji, y systems. This is quite clear from Gale, Monk 
and Lee’s intensity estimates. Owing to so much of the system being in the 
infra-red only a few of the stronger lines have been measured by Kapuscinski 
and Eymers. As in the a bands the strong lines are those with odd suffixes 
P (1), P (3), .. R (1), R (3), ..etc, P (2), P (4), . . R (0), R (2), . . . f etc., 
being weak and the weight ratio is evidently roughly 3 to 1. Ail the lines which 
occur are precisely accounted for by the scheme on the right of fig. 1, using the 
restrictions Aj ** 0 or ± 1 and s a. The absence of Q branches is accounted 
for by the fact that A j = 0 is not allowed to operate as it would conflict with 
8 «^|zf a. 

We shall now calculate the value of v 0 , the frequency of the null line, i.c., 
the frequency whieh corresponds to the purely electronic transitions in the 
band* In the 0 0 band the frequency of the R (0) line will be given by 
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V = v 0 + F'(l) - F"(0), R (1) by v = v 0 + F' (2) — F' (1), and so on. Using 
the F" data in Table VII and the F' data in Table XV we obtain from R(l), 
R(2) and R (3) the respective values 15598'02, 15598*07, 16698*07 mean 
15598*05. By the same method from P (1), P (2) and P (3) we get 
v 0 =* 16598*05, 8*10 and 8*10 mean 15598*08. The value for the 2*8 — S*P 
system calculated in Part V was 16619*44. We can recalculate this, using 
the more accurate term data of the present paper. For this system using 
R'(0), R'(l), It'(2) we get v 0 = 16619*96, 9*93, 9*97 mean 16619*96, 
using F (2), F (3) 16619*89, 9*99 mean 16619*94, and using Q(l), Q(2) 
Q 16619*96, 9*93, 9*97 mean 16619*95. Thus the value of v 0 for this system 
is the same both for the Q and the P' and R' branches to the accuracy of.the 
observational data. If we make similar calculations for the 2®S — 4®P (Hj) 
system we have from R(0), R(l), R (2) v 0 = 22272*37, 2*30, 2*36 mean 
22272*34, from P(2), P(3) 22272*37, 2*37 mean 22272*37, and fromQ(l), 
Q (2), Q(3) 22272*25, 2*36, 2*38 mean 22272*30. Here again there is no 
sure difference in the v 0 ’s as determined by the different branches. 

We can now give approximately the value of the 3 ®S term. In Part V it 
was shown that the Q (1) lines of 2 *S — m ®P were closely represented by 
2*8 = 29340*3, 3 »P = 12718*87, 4 *P = 7067*07, etc., and as the null 
lines are in all cases 9 ± 1 wave-numbers higher than the corresponding 0 -**0 
Q (1) lines in these systems we take the 2 *8 term to be 29340. This gives 
approximately the same values for the null lines of 2 *S — m *P as in Part V 
and also it gives 3 3 S = 13742. This is about 1000 more than the corresponding 
2 ®P term, the difference being less than in the orthohelium spectrum but in the 
same direction. If we divide these into the Rydberg constant we get for the 
denominator of 2 ®S 1*933 and of 3*8 2*822. The corresponding terms 
measured from the lowest H 2 1 *S term, as by Birge,* would be 2 *S = 94897 
and 3 ®S = 110495. 

§ 7. The Vibrational Term. 

For the « system the vibrational terms are given more accurately than the 
values already used by the formulae 

u>„" = 2594*03 n - 70*564 n 9 -f 0*9723n® — 0*04968 n* 

and 

< = 2307*52 n - 65*013 n 9 + 0*845 n* - 0*029 n*. 

In the case of the initial terms the formula represents the data to the accuracy 
of the observations. The comparison is shown in the following table, in 
* ‘ Proc. Nat. Acad. Soi.,’ TO1.14, p. 12 (1928). 
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which the observed values have been obtained by adding £ of the second 
differences 3*24, etc., to the vibration differences for m — 1 lines, and so 
obtaining a longer serieB of differences than if R (0) lines were used. The 
second differences 3-24, etc., are represented by the formula:—nth second 
difference = 3-24 — 0-07 n. 


1 

Torm . 

1" - 0" 

2" - 1" 

3" - 2" 

4" - 3" 

5"-4" 

6" - 5" 

7" - 6" 

Calculated 

2524*40 

2888-43 

2256*50 

2127*47 

2000*05 

1873*15 

1745-52 

Observed .... 

2524-72 

2388-69 

2256*54 

2127-26 

1990-90 

1873*05 

1746-an 

Term 

t 

1' - 0' 

2 / - r 

S' - 2' 

4' - 3' 

6' - 4' 

6' - 5' 

V - (V 

Calculated 

2243*43 

! 2117-86 

1996-62 

1878*62 

1763*24 

1649*82 

1537*02 

Observed .... 

2243-51 

2118-01 

1993*65 

1878*56 

1762-96 

1649*92 

1537*02 


We have already investigated the validity of the equation (J 0 — B 0 (2B 0 c/w 0 )* 
for the 2 3 S level. For the 3 8 P level from which the R' and P' lines spring we 
find w^r — 61 -68 fl compared with 62*94 got for the Q levels in Part V and for 
w 0 2307 *J63 compared with 2306-94 for the Q levels in Part V. Putting this 
and 2B — 59-65 in (3 = B 0 (2B 0 c/te 0 ) i gives (3 0 = 0-0199. This compares 
with the more directly determined value already found of 0-0204j which was 
the mean of 0-02118, 0-02061, 0-02029, 0-01996 and 0-02001. 

For 4 8 P there are not enough data to determine w 0 directly so we take the 
value 2276-45 for the Q levels in Part V as accurate enough. This is seen to 
be legitimate because the vibrational difference 1,1 R' (1) — 0,1 R' (1) = 
2204-68 is practically the same as that of 1,1 Q' (1) — 0,1 Q (1) = 2203-07 
in Part V. Putting this and 2B 0 = 58-574 6 in the preceding formula gives 
p 0 = 0-01945. This compares with the value already deduced, from very 
meagre data and assuming e = — $, of |3 = 0-0240. 

In the case of 3 *S we have not yet determined w 0 . Using the P (1) lines 
we have the formula 

P (1) n 2 n" — P (1) n 2 ' n" — { «' (n 2 — «,') + w a ' [»/ (1 — x'n t ' -f . . .) 

— « 8 ' (1 — x'« a ' . . .)J. 

The first two differences 1789-11 and 1644-20 give, taking a' — 1-6, w 0 'x' = 
72-45», w 0 =* 1861-96. On substituting this and 2B 0 — 47*001 in the formula 
we find p 0 =a 0-01497. This compares with the value already deduced of 
0*0140 which was the mean of 0*01525, 0*01263 and 0*01381. 
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§ 8. Various Constants. 

Using h ~ 6-55 X 10~ 87 , c = 3-000 x 10 -10 and the mass of the hydrogen 
atom — 1-662 X 10~ 84 wo have the values of the band constants 2B 0 and (3 0 
(assuming c = — £ exactly), of the moment of inertia I 0 and of the nuclear 
distance r 0 for the various excited hydrogen molecules designated by 2*8, 
3 8 S, 3 ®P (Q states), 3 8 P (R' states), 4 8 P (Q states), and 4 8 P (R' states), 
which are shown in the following table 


State, 

4 

2B 0 . 

-A,- 

r.- 

•V 

2*8 . 

66-773 

0 02100 

8-277x10-“ 

0-9980x10-* 

3 *S. 

47-001 

1 0-0140 

11-176 

1-190 

3*1’<Q) . 

59-09 

0-0179 

9-354 

1*061 

3 *P (R') . 

59-65 

0-0204 

fi-266 

1-056 

4*P(Q) . 

58-80 

0*0190 

9-401 

1*064 

4 *P <R') . 

58-674, 

0*02 

9-436 

1*066 
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HENRY RICHARDSON PROCTER, 3848-1927. 

Among the men of science who have devoted themselves to the improvement 
of our manufacturing arts, the subject of tliis notice, Henry Richardson 
Procter, acclaimed on every side as the pioneer of a scientific leather industry, 
occupies a conspicuous place of honour. His death has evoked tributes from 
all parts of the world acknowledging his services to the industry and celebrating 
his qualities as a scientific investigator, a teacher, and a man rich in qualities 
of mind and heart. 

Henry Richardson Procter was born on May 6, 1848, at Lowlights, North 
Shields, his parents both being descendants of the Quaker and tanning family 
of Richardson. His father maintained the old tannery and designed that 
Henry, his elder son, should succeed him. At the age of 14 Procter went to 
Bootham School, York, where, according to an autobiographical note, lie 
had more training in science, for which he already showed an aptitude, thap 
was common iri schools of that day. After leaving school lie was apprenticed 
to his father ft business and made some efforts to apply his chemical knowledge 
to tanning, carrying on his scientific studies in an attic laboratory. Having 
passed the Government “ South Kensington ” Chemistry Examination, and so 
become a qualified teacher, he taught a small chemistry class in the town and 
in connexion therewith was invited to a week's summer course at the Royal 
College of Chemistry in Oxford Street, London. There his talents so impressed 
the authorities that they persuaded him to return to London at Christmas 
for the rest of the term. At the end of the course he was head of the lists and 
obtained the full certificate. During part of tliis time he acted as volunteer 
assistant to Edward Frankland and Norman Lockyer and so became interested 
in astronomy. He also published, in conjunction with his relative, T. H. 
Waller, a translation of Kohlrausclrs “ An Introduction to Physical Measure¬ 
ments/* one of the earliest laboratory books of practical physics to be generally 
used in this country. 

Reluctantly refusing Lockyer'sinvitation to join the Eclipse expedition, then 
proceeding to India, Procter returned to his father’s tannery and set to work 
with success in improving and expanding the manufacture. He had little 
taste for the business side of the industry and as competition within it had 
become very acute by the time his father died in 1888, he abandoned the 
paternal tannery and took up the post of chemist to the tanning firm of his 
relatives, Messrs. S. and J. Richardson, of Elswick, Newcastle-on-Tyne. Here 
he remained until, in 1890, he was invited by the Yorkshire College, Leeds, to 
take direction of a new department of applied chemistry which it had been 
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decided to establish for the benefit of the leather industries. The offer, from a 
worldly point of view, was meagre, but happily the possession of some private 
means enabled Procter to seize what was to him a tempting opportunity of 
living in the scientific world and of devoting himself unrestrictedly to scientific 
work. He took up his post at Leeds early in 1891 and began with very simple 
accommodation and appliances to devise a cpurse of instruction in the applied 
science of leather manufacture. In 1898 his department was transferred to a 
new building provided by the generosity of the Worshipful Company of Skinners 
of London. These excellent premises were laid out after Procter’s design for 
teaching and research, and they included manufacturing plant on a scale 
sufficient to afford demonstrations and trials on a valid working scale. 

In setting up this new department of applied science, Procter was confronted 
with the usual difficulty of securing students of adequate preliminary education 
and intellectual quality. He would have been glad indeed if he could have 
insisted that students coming to him had previously been equipped fully in 
fundamental sciences. His own educational and scientific standards were 
very high, but he was no pedant; he had sympathy with people whose outlook 
was strongly practical, and his teaching afforded a striking example of the 
way in which an interest and schooling in scientific theory and scientific method 
can be inculcated by an approach from the side of practical problems. It 
could often be seen how under his guidance and the stimulus of a visible 
practical end, students previously reluctant would awaken to a perception 
of the value of chemical theory and apply themselves with zeal to serious 
scientific study. He produced by his three years’ course a type of student 
well trained to address himself to the scientific control and development of the 
processes of leather manufacture. Students soon came to Procter from all 
parts of the world and returned to put to effective use the training which they 
had received. 

Before taking up work at Leeds, Procter had gone far towards bringing 
science to play its due part in the leather industry. His ‘ Text-Book of 
Tanning/ published in 1885, was the first serious effort in the application of 
science in tannery practice, and is recognized as having inaugurated a scientific 
era in the industry. It embodies a great deal of original work which he had 
done since the first publication, in his twenties, of papers on tannin analysis. 
The difficulty of applying scientific methods to the leather industry came at 
the outset in the basic substance of the old tannery process—What is tannin 
and how is the tanning value of a substance to be estimated for the purpose 
of both manufacture and commerce ? The first question can only be answered 
in the vaguest way. There are many tannins, but they present great chemical 
variety and not much is known about their constitution. They are all 
derivatives of the aromatic series of carbon compounds, and, so fax as is known, 
all contain either pyrocatechol or pyrogallol, and sometimes phloro-glucinol. 
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The pyrogallol tannins yield gallic acid as a decomposition product and many 
of them glucose. The pyrooatechol tannins contain protocatechuic acid and 
seem to yield no glucose. The tannins have the one common property of 
converting skins into leather, and for any scientific control of leather manufac¬ 
ture a standard method of estimating the tanning efficacy, one which will 
give reproducible results in different hands, >s indispensable. 

It was to this end that Procter's first efforts were directed, and he devoted 
great labour to developing the method based on the use of hide powder. 
During fifty years lie returned continually to the subject, and he took the 
principal part as Chairman of the International Commission in drawing up 
the official method of tannin analysis, published by the International Associa¬ 
tion of Leather Trades Chemists in 1907. In the new international method 
adopted last year the essential principles of the earlier one are retained. 

Apart from his work on tannin analysis, Procter concerned himself with 
devising simple methods of chemical control for the various operations of 
the tan-yard, and in his laboratory the biological as well as the chemical 
aspect of tanning problems was always the subject of study. He took a very 
active part in the establishment of chrome tanning. He gave to the trade his 
well-known formula for the making of single-bath chrome liquors, and his 
teaching of the scientific principles of the new methods contributed in a very 
important way to their adoption and success. 

Behind all Procter's active work of the kind just described was the constant 
occupation of his mind with the fundamental science of colloids. He showed 
in relation to the newer physical chemistry his remarkable power of bringing 
himself fully abreast of the times in any special part of theoretical science that 
he wanted to use, and so equipped he entered upon his magnum opus . This 
was a very complete investigation of the conditions determining the state of 
equilibrium which is established when gelatin jellies are brought into contact 
with solutions of acids.* The attainment of equilibrium in such systems is 
usually associated with swelling or contraction effects which depend on the 
nature and concentration of the acid solution and are also affected by the 
presence of neutral salts. 

Procter recognised clearly that such a system is one to which the Donnan 
theory of membrane equilibria can be applied. In virtue of its basic properties, 
gelatin combines with acids to form gelatin salts ; on ionisation these yield a 
gelatin kation which is of relatively very large dimensions and consequently 
unable to pass through membranes which are readily permeable to ionic or 
molecular entities of smaller size. The interface between a gelatin jelly and its 
aqueous environment may be regarded as the equivalent of an actual membrane 

* The writer has to thank Prof. H. M. Dawson for summarising this work. He is also 
indebted to Mr. W. It. Atkin and Mr. F. C. Thompson of the Leather Industries Depart¬ 
ment of Leeds University for valuable assistance. 
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for the gelatin ions are necessarily confined to the jelly side of the interface, 
whereas the anions associated with the gelatin kations may pass freely from 
one side to the other under the influence of osmotic forces, subject, of course, to 
such restrictions as are attributable to the intervention of electrical forces 
between the charged ions. 

When a gelatin jelly is immersed, for instance, in a solution of hydrochloric 
acid, the latter passes through the interface, forming the salt gelatin hydro¬ 
chloride, and ultimately a state of equilibrium is established in which we have 
gelatin ions, hydrogen ions, and chlorine ions on the jelly side of the interface, 
whilst hydrogen ions and chlorine ions are in the outer solution. In accordance 
with Donnan’s theory, it follows that the osmotic pressure within the jelly must 
be greater than that of the outer solution, and Procter recognized in this in¬ 
equality the cause of the swelling which, according to his views, proceeds until 
the difference in the osmotic pressures is counterbalanced by the forces of 
cohesion in the gel. 

This theory, elaborated subsequently in conjunction with J. A. Wilson, has* 
been found to give a satisfactory account of the phenomena associated with the 
swelling of gelatin, and affords a very notable example of the successful 
application of the theory of membrane equilibria. The significance of his work 
from a purely scientific point of view is to be found in the highly satisfactory 
issue of this attempt to deal with a problem which, even in its essential outlines, 
had previously been quite obscure. As a result of his investigations, this type 
of problem was brought within the range of application of modern physico¬ 
chemical principles, and in this way he provided a rational basis for the further 
investigation of colloid systems which is recognised to be of the greatest 
importance from the purely scientific as well as from the technical point of view. 
The late Jacques Loeb wrote of Procter’s theory of protein swelling as “ one of 
the most ingenious and original contributions to modem science.” 

Of Procter’s contributions to the literature of his subject the 4 Text-Book 
of Tanning ’ has already been mentioned. This was followed in 1898 by the 
publication of the 4 Leather Industries Laboratory Book 9 and in 1903 by the 
4 Principles of Leather Manufacture.’ The 4 Principles ’ at once took the 
position which it has retained, that of a standard masterpiece of applied 
science literature. It has been translated into many languages, including 
Japanese. 

For a full account of Procter’s work and the testimony of those who profited 
from it, the reader is referred to the 44 Procter Memorial Issue ” of the 1 Journal 
of the International Society of Leather Trades’ Chemists.’ Typical of this 
testimony may be quoted the words of Professor V. Kubelka of Brttnn, who, 
after expressing his own indebtedness, says : “ Je suis certain qu’il y a dans tous 
les pays du monde des centaines de ohemistes de euir qui se rappeHeront avec 
reconnaissance que pour eux aussi les libres de H, Procter Staient les premiers 
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pharea qui lea out conduit dans 1'iHudc de la chimie de ciur.” A list of 121 
publications gives sonic idea of the variety of Procter’s scientific work and the 
range of his technical services. Among these services was the foundation in 
1897 of the Society just mentioned, which from small beginnings grew to include 
all the leather chemists of Europe and in other and more remote countries. 
Procter was its first President and always its central influence. 

Procter held his professorship at Leeds until, in 19Kb he reached the age of 
retirement. In anticipation of this event steps had been taken by the leather 
industry to mark the even! bv some suitable memorial of the man and his 
services. The* story may perhaps be best expressed in Procter’s words : 
“ On my retirement in 1913 a considerable sum, over £1,800, was subscribed 
by my friends as an acknowledgment of what I had done for the chemistry of 
the trade, and as I have fortunately a modest independent income, I thought 
that this (the fund) could be most usefully devoted to the establishment of a 
special laboratory to investigate the underlying scientific problems, which 
though not likely to be of immediate commercial value, are yet the materials 
on which sound advance can be based. The money sufficed to erect the 
laboratory, but unfortunately not to endow it, but it is now open to qualified 
students of all nations at fees calculated merely to cover their actual cost, and 
the University, which acts as a Trustee under a Deed-poll, has so far generously 
borne a good part of the actual working expenses. With more money and more 
research students, its usefulness might be greatly increased.” 

Procter’s successor, in the person of Dr. E. Stiasny, had already been chosen 
and had been acting for some time with great success as assistant professor. 
He now took the vacant Chair and Procter passed into the new Research Labo¬ 
ratory, where with J. A. Wilson he completed his work on gelatin. The formal 
opening of the Laboratory by Sir William Ramsay and the attendance of 
representatives of the industry from all parts of the world was to have taken 
place in October, 1914. To this plan the outbreak of war put an end. Not 
only so, but in August Prof. Stiasny was in Austria, his native country. In 
this emergency, Prof. Procter resumed his old position and busied himself 
with important work for the War Office, remaining in office till 1918. He was 
then succeeded by his old pupil, Prof. McCandlish, but he continued to work 
a good deal in his laboratory. In 1923 he sold his house at Ilkley and retired 
to Newlyn, Cornwall, where, in proximity to his artist son, Ernest, he spent the 
evening of his life in comfort and content, pursuing old hobbies of handicraft 
and art and enjoying the society of friends. Towards the end of 1926 he was 
compelled to take to his bed, and he died on August-17, 1927. He was buried 
at St. Hilary, some miles from Penzance. 

Procter had married in 1874 Emma Watson of Newcastle, who died in 1901. 
He has left a daughter and two sons, the elder, Mr. J. W. Procter, a distinguished 
architect, the younger the well-known artist, Mr. Ernest Procter. 
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Procter’s success and the sway which*he acquired were largely bound up 
with his remarkable personality. Though he found himself obliged to withdraw 
from the Society of Friends, he retained in high degree the most admired charac¬ 
teristics of that community. The gentleness of his nature, his single-heartedness 
and companionableness endeared him to all who knew him and, as Sir Michael 
Sadler has said most truly, u no’Indian guru had disciples more devoted, more 
respectful.” His tastes and talents were of the widest range. In the country 
he was naturalist, rock-climber, and artist; he was a much-travelled man and 
a good linguist. In leisure hours at homo he was a gardener and a craftsman 
in mechanical and decorative arts and a great reader. 

The character of Procter's mind was as markedly philosophical as scientific. 
The setting up of a “ professor of leather ” gave scope for a good deal of jest 
and indeed for some indignation in more austere academic circles. It was 
a constant delight to his colleagues to witness the effect of Procter s conver¬ 
sation in the University refectory with guests from such circles. He revelled in 
dialectic and could have excelled any of his colleagues in the arts of casuistry. 
He exercised a strong quiet influence on University affairs, most of all, perhaps, 
by demonstrating in himself and hiB work the way in which applied science 
may justify itself among university studies. 

The establishment of the unique personal memorial of an international 
Research Laboratory and the bestowal of the Fellowship of the Royal Society 
came towards the end of Procter’s life and gave him deep gratification, but he 
had done his work and given all his discoveries to the industry, seeking neither 
honours nor rewards. 


A.S. 
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CHARLES CHREE, 1860 -1928. 

Dr. Charles Chrkis, the second son of the Rev. Charles Chree, D.D., was 
bom at Untrathen, Forfarshire, on May 5, 1860. He was educated at the 
Grammar School, Old Aberdeen, and at the University of Aberdeen. -While 
at the University he did not specialise in science, but took a wide course and 
graduated in 1879, winning the gold medal awarded to the most distinguished 
graduate in arts of the year. He then went to Cambridge, where he graduated 
as Sixth Wrangler in 1883, being placed in the first division in Part II of the 
Mathematical Tripos, and in the first class in Part II of the Natural Science 
Tripos. He was elected to a Fellowship at King’s College in 1885, which he 
held until he was appointed Superintendent of Kew Observatory in 1893. 

During his stay in Cambridge, Chree devoted practically the whole of his 
time to mathematical physics. His first research, like so many more first 
researches of that period, was the development of a problem considered in 
Rayleigh’s " Sound.” Rayleigh had discussed the motion in a gas contained 
in a spherical or in a cylindrical envelope when the motion in the bounding 
surface is given ; Chree considered certain simple forms of vibration when the 
solid boundary and the fluid are treated as one system. The result was 
presented to the Edinburgh Mathematical Society during the session 1885-86 
in a paper entitled “ On certain forms of Vibration.” This was the first of 
about thirty papers written in Cambridge, mainly dealing with the mathemati¬ 
cal theory of elasticity. Chree’s contribution to the theory of elasticity alone 
would have given him a high place in the history of science, and it was mainly 
for this work that he received his F.R.S. in 1897, when his real life’s work on 
terrestrial magnetism had hardly begun. In later life, Chree never lost his 
interest in this subject, and even after his removal to Kew, about fifteen 
papers on the subject appeared at irregular and increasing intervals. He also 
found his knowledge of the elasticity of solids of use to him in his later work, 
especially in connection with the effect of pressure on thermometers, the 
bending of magnetometer deflection bars, and the application of elastic solids 
to metrology. 

While at Cambridge, Chree attended the Cavendish Laboratory and worked 
under J. 3. Thomson. He first investigated the effect of an electric current 
on saturated solutions* and then experimented with liquid electrodes in vacuum 
tubes. This work appears to have been his only contribution to ordinary 
experimental physics, for after leaving Cambridge he did no further laboratory 
work. 

CTree’s skill with instruments was of a high order, but consisted chiefly 
in accurate and patient observations. He did not apply laboratory 
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methods to his work at Kew, and thirty years after he had been Super¬ 
intendent, the laboratory equipment at the Observatory was ludicrously 
inadequate. The present writer remembers with amusement the list of 
apparatus prepared by Ohree when asked to bring his laboratory equipment 
up to date; it included 4< four rings for n retort, stand ” and a “ nest of 
four beakers.” 

In 1893, Ohree left Cambridge on his appointment to the superintendenfcship 
of the Kew Observatory. At that time Kew Observatory was controlled, by 
a committee of the Royal Society, but it was in a very precarious financial, 
position. The use of the Observatory and grounds, with an endowment fund 
of £10,000 provided by Mr. John Peter Gassiot, F.R.S., had been made over 
to the Royal Society in 1871. In order to eke out the meagre income 
from the endowment, which was not sufficient to maintain the Observatory, 
the testing and calibration of scientific instruments of many lands was under¬ 
taken for suitable fees. When Chree became superintendent, the work of the 
Observatory consisted of three main branches. In the first place, it was the 
central meteorological observatory of the Meteorological Office, and maintained 
a constant record, by means of self-recording instruments, of all the chief 
meteorological elements, and in addition regular eye observations were taken 
at fixed hours. The second branch of work consisted in maintaining a constant 
record of the three components of terrestrial magnetism and of the electrical 
potential gradient. These again were obtained by self-recording instruments, 
checked and standardised by regular eye observations. The third and largest 
branch af the work was the verification of instruments. The magnitude of 
the testing work can be judged by the fact that during the ten years 1886-95 
188,279 instruments of various kinds were tested. The majority of these; it 
is true, were clinical thermometers, but large numbers of other instruments 
were examined, the annual average of the chief being: thermometers other 
than clinical, over 3,000 ; watches, 744 ; hydrometers, 367 ; sextants, 348; 
telescopes, 273: binoculars, 257; mercury barometers, 174; aneroid 
barometers, 102; and a large number of other instruments, including 
chronometers, magnetic instruments and ordinary meteorological instruments. 
When Ohree took over charge the work was growing, so that the actual numbers 
he had to deal with must have been considerably larger than the averages just 
mentioned, and the total staff was only’fifteen. 

During his first few years at Kew Chree continued to write on the theory 
of elasticity, but his new work soon commenced to grip him. In the year 
after he went to Kew he published a “ Note on the Relation between the 
Coefficients of Pressure in Thermometry/* and in the following year a 
“ Contribution to the Theory of the Robinson Cup-anemometer.” In 1895 
he wrote his first paper on terrestrial magnetism, which took the form of the 
Report made to the Ipswich meeting of the British Association Committee on 
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“ Comparison and Reduction of Magnetic Observations.’ 1 The Report 
dealt with the results from the Kew magnetographs during the five years 
1890-94. 

In this first paper Chree announced a discovery which proved to be one 
of his chief contributions to the science of terrestrial magnetism and a discovery 
which was to tinge the whole of his future work. Chree found that if he took 
the mean value of the horizontal magnetic force 4 for each hour, starting at 
midnight and ending at midnight, for a number of “ quiet '* days, the average 
force for the second midnight was higher than that for the first midnight, and 
similar results in the case of other magnetic elements. The increase in 
horizontal force was so great that if it continued during all days at the same 
rate as it did during “ quiet ” days the annual secular variation would be 
fid times as great as the observed secular variation. Chree drew two important 
conclusions from this result: («) that “ quiet *’ days were not typical of 
ordinary days, and (b) that it is absolutely necessary to allow for the non-cyclic 
change when discussing the cyclic variation of any periodic element. In the 
following year he again wrote the Report of the B. A. Committee, and developed 
the same line of thought, using data for six years instead of five. 

Chree had at last found his life’s work, and from now onwards the study of 
terrestrial magnetism was to become his main preoccupation. It is not 
possible to review here in any detail the eighty odd papers, monographs, 
and books which contain the contributions made by Chree to the study of 
terrestrial magnetism and the allied subject of atmospheric electricity, but 
it is not difficult to outline, their chief contents. 

In the early years of Kew Observatory funds were not available for a 
complete reduction of the magnetic traces, and attention was fixed on 
undisturbed days. Each month the Astronomer Royal chose five days which 
were conspicuously quiet and, as far as possible, spaced out equally over the 
month. It was thought that these days would be typical of all days if the 
latter could be freed from the effect of disturbances which were considered to 
be extraneous and casual occurrences. Reference has already been made to 
Ohreo/s early discovery that in one particular at least—the non-cyclic effect— 
they were not representative. Still, as it was then impossible to measure all 
days, Chree’s earlier work was devoted to discussing in detail the results 
obtained from the quiet days, the traces of which were measured as a matter 
-of routine. In 1903 he published in the 4 Phil. Trans. ’ his first analysis of 
the results obtained from the quiet day records at Kew during the 11 years 
1690 to 1900, and this was followed in the following year by a similar but 
less extensive analysis from the records of the Falmouth Observatory. 
These two papers laid the foundation of our knowledge of the normal regime 
of terrestrial magnetism on “ quiet ” days in the British Isles. It is impossible 
to summarize them, and it must suffice to say that they included investigations 
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of the annual and daily variation and the relationship of magnetic phenomena 
to sunspots and meteorological conditions. 

In 1908. Chree obtained a grant from the Government Grant Committee 
of the Royal Society to pay for the reduction of the traces for all days during 
the same 11-year period. The records thus extended were subject to the 
same detailed investigation, and the results discussed in three papers published 
in the 4 Phil. Trans.’ for 1908, 1910 and 1916. It is impossible to over 
estimate the importance of the.se five papers, for they are the only general 
discussion of magnetic conditions in the British Isles and they are an unfailing 
mine of data and information. They may be said to contain the climatology 
of terrestrial magnetism in the British Isles, all other papers dealing simply 
with magnetic weather. 

That there is an intimate connection between sunspots and terrestrial 
magnetism had long been known. About the middle of the nineteenth century 
it was discovered by Sabine, Lamont and Wolf that the daily range of magnetic 
declination increases with an increase in the number of sunspots. In the 
general discussions described above, Chree had shown that a similar relationship 
extended also to the other magnetic elements. The relationship, however, was 
only of a statistical nature and the direct effect of individual sunspots on 
terrestrial magnetism had not been definitely demonstrated, although a 
number-of coincidences between great solar activity and large magnetic storms 
had been recorded. In 1912 and 1913 Chree published in the 4 Phil. Trans/ 
two important papers on “ Some Phenomena of Sunspots and of Terrestrial 
Magnetism at Kew Observatory ,” in which he made a very successful attempt 
to obtain some definite information regarding the relationship which exists* 
between sunspots and terrestrial magnetism. Arrhenius had suggested that 
the magnetic disturbance effects visible on the earth are due to the discharge 
from the sun of electrified particles which probably take some 48 hours to 
travel to the earth. Chree wished to investigate this suggestion by finding the 
average magnetic conditions before and after the appearance of spots on the 
sun. For this purpose he chose the five days from each month having the 
largest sunspot areas as determined at Greenwich, then he tabulated the 
magnetic data (H range) for the fifteen days before and fifteen days after the 
day of large sunspot area, and found that <f while in the average year there 
is a clear association of H ranges with sunspot area some days previously, the 
relation is either of a somewhat complex character, or else is liable to be much 
overshadowed in individual years by other influences.” 

Another matter which Chree investigated in these papers was the suggested 
tendency for magnetic storms to recur at intervals of 27 days, i.e,, the average 
period of rotation of the sun. Dr. Ad. Schmidt, of Potsdam, had stated that 
a large proportion of magnetic storms of the very largest kind are separated 
by intervals which are multiples of 29 * 97 days, and Mr. E. W. Maunder claimed 
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to have demonstrated a period of 27*275 days in the magnetic storms recorded 
at Greenwich from 1848 to 1903. Chree, however, was not satisfied with the 
evidence in either case and set out to investigate the problem by an entirely 
different method. Instead of investigating “ magnetic storms,” Chree 
selected the five days of largest H range in each month as the point from which 
to start, and then by the simple method of calculating the mean magnetic 
character of days before and after these selected days he was able to show 
that the days round about 27 days after his selected disturbed day were on the 
average more disturbed that) the average day, and that the 27th day was more 
highly disturbed than its neighbours. In this way Chree was able to demon- 
strate clearly " that if any day wen 1 considerably more disturbed than the 
average day of the month, then the day 27 days subsequent to it was likely to be 
also more disturbed than usual.” In the second of the two papers on sunspots 
and terrestrial magnetism he carried the investigation further and showed 
the converse also to be true ; so that the above quotation is equally true if the 
words “more disturbed” are replaced by “less disturbed.” There can be 
little doubt that this demonstration of the 27-day pulse in magnetic phenomena 
gave Chree great pleasure and that it is amongst the best and most valuable 
parts of his work. Chree returned to this problem later, and the last paper of 
his to appear in the ‘ Phil. Trans.’ is one on the same subject, written in 
conjunction with Mr. J. M. Stagg, which was published as recently as August 3, 
1927. 

Chree was naturally very pleased whenever a practical application could be 
found for the work to which he was so devoted. Underground surveying is 
still largely carried on by means of the magnetic needle, and to meet the wishes 
of the mine surveyors he commenced, in March, 1918, to publish monthly in 
the technical mining press the daily values of the declination at Kew and 
Eskdalemuir, so that the surveyors could apply corrections to their observations 
and discard observations taken on magnetically disturbed days. At about 
the same time he read a paper before the Institution of Mining Engineers on 
“ Terrestrial Magnetism in Relation to Mine Surveying,” which gave rise to an 
interesting discussion on the whole question of magnetic surveying in mines. 
One of the points brought out in the discussion was our want of knowledge of 
the relationship between the magnetic changes on the surface and at the bottom 
of a mine. A few years later an opportunity offered to investigate this point, 
and under the direction of Chree Mr. R. E. Watson, an assistant at Kew 
Observatory, established two self-recording magnetometers, one on the surface 
and the other in a gallery of a mine 1,800 ft. below the surface. The chief 
conclusion obtained from the work was that “ for practical purposes, the 
differences between the magnetic declination changes underground and at 
the surface are negligible, except perhaps on days of very large disturbance.” 

Important as Chree’s work has been on terrestrial magnetism in the British 
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Isles, it is questionable whether it is not surpassed in importance by his work 
on the magnetic conditions in the Antarctic. Chree has discussed the observa¬ 
tions made on four expeditions to the Antarctic : (a) the “ Southern Cross ” 
Expedition, 1899, under Borchgrevink ; ( b ) the National Antarctic Expedition, 
1901-1904, under Captain R. F. Scott. R.N. ; (c) the British Antarctic Expedi¬ 
tion. 1910-1933, Scott’s last expedition ; and ( d ) the Australian Antarctic 
Expedition, 1911-1914, under Mawson. In addition, Chree personally trained 
the observers of the first three expeditions. The first expedition did not carry 
self-recording instruments and made only a few observations ; so that Chree’s 
discussion was not long but it was remarkably thorough. The three later 
expeditions used self-recording instruments and obtained records of three ele¬ 
ments for two years in each case. In the case of Scott’s two expeditions, the 
records were measured and red uced at Kew and Chree discussed them in addition 
to his normal work. In the case of Mawson’s expedition, the traces were 
measured in Australia and Chree discussed the values supplied to him. It is 
necessary to examine the three volumes containing Chree’s discussions of these 
records to realize the magnitude and importance of his work. It is tru? that 
no one else has ever had the opportunity to investigate such a mass of entirely 
new data ; but it is impossible to imagine that anyone else could have extracted 
so completely the scientific information contained in such unpromising material. 
I welcome this opportunity of placing on record the sincere gratitude of all 
the magnetic observers on these expeditions to Dr. Chree for ensuring that 
every observation we made, often at some personal discomfort, has been put 
to the greatest possible use. 

It has only been possible to touch on the main features of Chree’s scientific 
work, but it must not lie thought that because he devoted so much of his time to 
terrestrial magnetism he was at all narrow. He wrote on a number of subjects 
not mentioned here and he kept well abreast of the rapid developments of 
general physics. It is a great misfortune that Chree wrote his papers on terrestrial 
magnetism in a style which makes them difficult for the specialist to read and 
quite impossible for the average physicist. Most of his papers are discussions 
of the statistics derived from almost endless measurements of the magnetometer 
curves. These statistics had to be arranged, rearranged and compared in order 
to bring out different aspects of the problems under discussion. Chree himself 
had an uncanny facility for interpreting a line of figures without plotting them 
on a curve and failed to realize that other people had not this facility. In 
consequence, Chree’s papers are illustrated by very few curves and the reader 
needs the greatest concentration to follow the involved text and examine the 
lines and columns of innumerable tables. Another trait of Chree’s character 
which reacted on his work was his rooted objection to speculations as to the 
cause of the relationships he was examining. This does not mean that 
he was not prepared to examine and discuss the physical phenomena lying 
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behind the relationships he found ; but such speculations had to come after 
and separate from his statistical investigations. If only Chree could have let 
himself go, make hypotheses even if they were nothing more than mere 
guesses, and then use his statistical data to illustrate, prove or disprove his 
thesis, his papers would certainly have been more interesting and might 
have been more widely read. Chree was well aware of this side of his 
character and frequently went out of his way to defend it. A typical 
example of his defence occurs in the preface to his monograph <£ Studies in 
Terrestrial Magnetism,” in which he collected together the main results of his 
work up to 1912 : 

The book deals almost entirely with facts, or supposed facts. The 
absence of a definite theory as to the origin o! the several magnetic changes 
is due to no lack of curiosity as to the causes of things, but to a belief that 
at the present stage theorising is less likely to be of substantial advantage 
than the extension of positive knowledge. It is sometimes claimed that 
a theory is essential as a guide in selecting the directions in which to prose¬ 
cute research. This is a partial truth. When a man devotes himself 
to a subject, allowing free ingress to his mind to all the ideas which the 
results obtained by investigators naturally suggest, he must be a very 
unimaginative person if profitable lines of enquiry do not force themselves 
on his intelligence. The difficulty is not in thinking of something to do, 
but of deciding what to do next. In making a choice, some may prefer 
the guidance supplied by a definite theory, but others will prefer to rely 
on their natural instinct for detecting a weak spot in the defence offered 
by Nature to the discovery of her secrets.” 

The mere volume of Chree’s published work is a witness to his industry, 
especially when it is remembered that for the greater part of his time at Kew 
administrative and routine work took up a large proportion of his time. 
But industry went also with a high standard of criticism, and an utter want 
of dogmatism. When Chree, by a certain arrangement of data, had obtained 
the result he expected he was not satisfied until he had re-arranged his data 
in all possible ways and satisfied himself that each showed the effect or at 
least did not contradict it. Even then he was pedantically careful in stating 
his results and never slurred over inconvenient evidence. An example is 
contained in the quotation regarding the relationship between H ranges and 
sunspot areas which I have given above. Nine physicists out of ten would 
have announced this result by saying that they had “ absolutely proved ” 
clear association of H ranges with sunspot area some days previously, and on 
the evidence no one would have blamed them; but Chree’s statement is no 
such confident claim, he states the weak points as well as the strong points 
of his results, and that was always his habit. 
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This critical habit Chree carried into all hie work and no amount of trouble 
would deter him from re-investigating any result which did not come up to 
his standard; but as he expected other writers to come up to the same standard 
he made rather an unsatisfactory referee of papers. When given a paper to 
referee, Chree went through it with conscientious thoroughness, and while 
the author might be exasperated on receiving a long list of “ remarks made by 
the referee, 1 ’ his paper could not fail to be better after he had attended to them. 

Chree’s nature was naturally retiring and diffident, and although he formed 
strong opinions, he never tried to force them on other people. He was a 
delightful colleague to work with, as the present writer knows from personal 
experience. Chree was about to graduate at Aberdeen whtrn I was born, 
he taught me how to make magnetic observations; yet when in the course 
of time I became officially responsible for the work at Kew, Chree always 
consulted me and never made me feel that in comparison with him I was 
young and inexperienced. The same cordial spirit existed between Chree 
and his staff at Kew, and everyone who worked with him had a real admira¬ 
tion for Chree as a man and a scientist. His patience with those who went 
to Kew to be trained as magnetic observers was remarkable and no trouble 
was too great for him to take to ensure that each observer thoroughly under¬ 
stood the theory and practice of the magnetic instruments. 

When Chree retired in 1925 under the age limit, he was in full possession 
of all his powers, both mental and physical, and everyone, himself included, 
looked forward to many years of productive scientific work, fox he had much 
to do. He was collaborating with Mr. Stagg and was himself engaged on a 
discussion of the Kew records of magnetic declination from 1858 onwards 
and on a further discussion of Mawson's Antarctic records. He had not 
finished writing his paper on the magnetic declination when he was attacked 
by what proved to be his fatal illness, but he was able to complete this before 
he had to give up work early in the present year, Although he knew some¬ 
time before the end that there was no hope of recovery, he remained bright 
and was pleased to see his friends. The end came somewhat suddenly on 
August 12, when he was staying at Worthing. 

Chree’s degrees were Sc.D. of Cambridge and LL.D. of Aberdeen. As 
already stated, he was elected a Fellow of the Royal Society in 1897. He was 
awarded the James Watt medal by the Institution of Civil Engineers in 1905 
and the Hughes medal of the Royal Society in 1919. He served as President 
of the Physical Society and of the Royal Meteorological Society. For a 
number of years Chree had the distinction of being President simultaneously 
of the two international organizations which deal with terrestrial magnetism. 
He retired from one in September, 1927, but retained the other to the time 
of his death. 
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vSIR HORACE DARWIN, 1851 1928. 

Sir Horace Darwin was born at Downe on May 13, 1851, the fifth son of 
Charles Darwin, the third of the group of brothers to become a Fellow of 
the Royal Society. 

He was educated at Trinity College, Cambridge, taking his degree as a 
Senior Optime in 1874. Immediately afterwards he entered the works of 
Messrs. Easton and Anderson and went through the regular course of 

engineering in their shops, returning at the end of his apprenticeship to 

Cambridge. In 1877 he became an Associate Member of the Institution of 

Civil Engineers, and in the following year a Member of the Institution of 

Mechanical Engineers. The rest of his life was spent in Cambridge. 

He was elected a Fellow of the Royal Society in 1903. He was a Member of 
the Advisory Committee for Aeronautics and delivered the first Wilbur Wright 
Memorial Lecture in' 1913. During the war he was Chairman of the Air 
Inventions Committee. In 1918 he became a K.B.E. in recognition of his 
great services. 

In 1880 he married the Hon. Emma Farrer, daughter of the first Lord 
Farrer. who survives him with two daughters. Their only son, Erasmus, 
was killed in April, 1915. 

In the seventies of last century many changes were in progress in Cambridge. 
Recognition was being gradually given to the claims of natural science as a 
subject for study and research in a University, a branch of University 
education. 

And, if at first the recognition was somewhat grudgingly bestowed, it came 
in time with a generous hand. New posts were created, new laboratories and 
workshops came into existence. Buildings known as the Museums and 
Lecture-rooms for some of the professors and lecturers in natural science were 
commenced in 1863 ; additions in 1877 were made to provide for comparative 
anatomy and physiology, while further buildings for physiology and human 
anatomy were erected in 1890. 

Michael Foster was called to Cambridge as Trinity Prelector in Physiology 
in the early seventies, becoming the first Professor of the .subject in 1883, 
Clerk Maxwell returned as Cavendish Professor of Physics in 1871, and the 
Cavendish Laboratory was built by the Duke of Devonshire. James Stuart 
become Professor of Mechanism in 1875, and engineering was recognised as 
a subject of University study, while medicine flourished under Sir G, M. 
Humphry and Sir George Paget. Liveing almost alone had kept the 
experimental study of chemistry alive since 1861 —though there had been a 
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Professor since 1703, when Vigani, of Verona, was apj>ointed; Dewar joined 
him as Jacksonian Professor in 1875 and new life was infused into the subject. 

In the old days libraries and books, lecture rooms and class rooms were 
all that wag required for teaching. The astronomers had their observatory, 
while in one or two Colleges there were small chemical laboratories, but the 
promotion of natural knowledge, the task of the Professors of the more 
modem subjects, required laboratories and their equipment, and it was in 
providing this that Horace Darwin found his life work. 

On his return to Cambridge at Foster’s request, he joined Dew Smith, and 
began the design and construction of scientific instruments. Foster had found 
that for nearly all the apparatus he required recourse to Germany was 
necessary. Darwin and Dew Smith, by their partnership, made a change. At 
first attention was paid chiefly to work for the Biological School; hi» rocking 
microphone, the outcome of an idea first put into effect by W. H. Caldwell, 
was perhaps the most important of his earlier products, though electrical and 
other physical instruments soon followed. 

Work at the Cavendish Laboratory, and in particular the early experiments 
of Oallendar on the platinum thermometer (1883) called attention to the 
electrical method of measuring temperature, and the need for suitable resist¬ 
ance boxes, galvanometers and other electrical appliances, a need further 
emphasised by E. H. Griffiths’ work on the mechanical equivalent of heat. 

After about ten years the partnership came to an end, and in 1895 the 
Cambridge Scientific Instrument Company was constituted with Darwin as 
chairman and chief shareholder. Its reputation grew apace; it was soon 
recognised that at Cambridge there was a firm whose instruments would bear 
favourable comparison with any made abroad. 

In the early part of the 19th century, English instruments were admittedly 
pre-eminent, but toward the end of the century they had fallen far behind 
those of many Continental makers. Darwin changed all this, and it was 
realized that at the head of the new firm there was a man with a genius for 
design and a knowledge of mechanics which enabled him to express his design in 
the form most suitable for the purpose for which it was required. " Go and 
talk to Horace Darwin,” was advice frequently given to a man seeking to 
devise an instrument for some delicate measurement. 

His own views as to instrument design are expressed in his Wilbur Wright 
Lecture, delivered before the Royal Aeronautical Society in 1913, or more 
fully in the article which he contributed along with his colleague, Mr. C. C 
Mason, to the “ Dictionary of Applied Physios ” (vol. iii, “ Instruments, The 
Design of Scientific”). 

After a discussion of the importance—in many cases the necessity—for 
geometric design, as laid down by Maxwell ( M Handbook of Loan OoUeotion 
of Instruments, 1876”) and Kelvin in many of his writings, he shows by 
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examples its advantages, though careful to point out there are cases in which 
it is best to disregard it. He then discusses the qualifications of the designer; 
he is to be a mechanical engineer with much scientific knowledge, well 
acquainted with the method of manufacture available, while, in order to avoid 
unnecessary cost, the instrument should not require great skill to make. He 
described himself, unwittingly, no doubt. Charles Darwin, when congratulating 
him on having passed some examination, had told him the art of discovering 
undiscovered things consists in habitually searching for the cause and necessity 
of everything which occurs, and that this implies sharp observance and as 
much knowledge as possible of the subject investigated. And this was the 
son’s habit when asked to design an instrument; he would acquaint himself 
by careful observation and enquiry with all the details of the experiment or 
measurement to be carried out and then, when thoroughly saturated with 
the problem, would evolve, sometimes with great rapidity, apparatus suited for 
the work. 

In early days he was responsible for the designs of most, if not all, of the 
instruments constructed by the Company, and while in later years he had the 
assistance of a very competent staff, his interest extended bo all, though 
naturally in a varying degree. The booklet of “ Instruments for Special Appli¬ 
cations,” issued recently, contains many which hear the impress of his skill. 
Among them may be mentioned the comparators, made under the supervision 
of Sir David Gill for the Indian Geodetic Survey, a spectroheliograpk designed 
for the Solar Physics Observatory at Kodai Kanal, and a camera for taking 
star photographs, the result of a suggestion made by Prof. Turner. 

Experiments on gravity always attracted him, one of his earliest instruments 
was a bifilar pendulum designed to detect the moon’s attraction, which he 
developed along with his brother George ; at a later date came the Cambridge 
half-second pendulums, now a well-known pattern, while his last work was 
an air-tight box in which to swing the pendulums designed for a gravity 
survey projected by Sir Gerald Lenox Oonyngham. 

And in another direction his skill was of great value to the nation. In 1909, 
Mr. Asquith, at the suggestion of Lord Haldane, appointed the Advisory 
Committee for Aeronautics for the superintendence of the investigations at 
the National Physical Laboratory and for general advice on the scientific 
problems arising in connexion with the work of the Admiralty and War Office 
in aerial navigation. Darwin became an active member and the trusted adviser 
of his colleagues on questions relating to instruments. And instruments were 
needed, both for work in the wind tunnels at the laboratory, and on the 
actual aircraft. Little was known of the forces to which an aeroplane or air¬ 
ship is exposed in the air; the measurement of the speed or of the direction of 
motion, and of the acceleration of the aircraft was no easy matter. The early 
pilots reported strange and mysterious stories as to the behaviour of the 
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compass. Darwin discussed some of these in notes presented to Ins colleagues ; 
he took a keen interest in the work of Keith Lucas and the production of the 
compass which for some time was the adopted pattern. One of the difficulties 
of aerial navigation was, and still is, to keep a course in a fog. Darwin devised 
a “ turn indicator ” for this purpose, which proved of value at a critical time. 
During the war he was an active member of various committees and, as already 
stated, in 1917, became Chairman of thfe Air Inventions Committee. His 
height-finder for determining the height and position of an object in the air, 
developed as it was by A. V. Hill and his associates, was perhaps his most 
important contribution to war needs, but his advice and help were continually 
sought and freely given. 

The changes which have taken place during the last fifty years in British 
instruments are many and far-reaching, due to many men, but Darwin was the 
leader in the advance, a guide who pointed out the direction in which improve¬ 
ment was to be found, and a friend who freely gave of all that was in his 
power. 

R. T. G. 
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